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This thesis describes the synthesis of new cyclic and linear olefinic oligomers and 
studies on their structure-property relationships for molecular electronic applications. In 
Chapter 2, a new family of cyclic stilbene oligomers is introduced. The stereoselective 
synthesis of two cyclostilbenes and the mechanism are discussed. These cyclostilbenes 
emit blue light with high fluorescence quantum yields and form channel architectures in 
the solid state that can be filled with guest molecules. In Chapter 3, a new method of 
tuning rectification in single molecule diodes with a stilbene backbone and asymmetric 
linker groups is explored. We demonstrate through single-molecule current-voltage 
measurements that the rectification ratio can be predictably and efficiently tuned. This 
result constitutes the first experimental demonstration of a rationally tunable system of 
single-molecule rectifiers. In Chapter 4, a combined intra- to intermolecular mechanism 
for singlet fission in a tunable class of oligoenes is discussed. The versatility of chemical 
modification in this system can allow us to fine-tune energetic alignment as well as the 
crystal stacking motifs. Finally, attempts to create a more efficient family of donor-
acceptor type intramolecular SF materials with longer triplet lifetimes are described. This 
study gives insight into the competition between singlet fission and intersystem crossing 
processes, which can both be mediated by a charge transfer state. 
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Chapter 1: Introduction 
1.1 Motivation 
The synthesis of oligomers with well-defined length and end 
groups from the bottom-up is an important approach to creating new 
materials, as well as a tool for understanding the properties of their 
polymeric analogues. Oligoenes are the simplest example of a 
conjugated oligomer; they consist of alternating double and single 
bonds and are ubiquitous in molecular electronics.1–6 Other 
important examples include a mixture of aromatic and olefinic units 
such as oligophenylenevinylene (OPV), in which stilbene is a basic 
building block.7–9 The rigid, planar π system of oligoenes induces tight packing in the 
solid state and also make these molecules ideal candidates as organic semiconductors.10 
This subunit is found in many applications such as organic light-emitting diodes,11–13 
field effect transistors,14–16 photovoltaics,17–21 solid state lasers,22–24 and non-linear 
optics.25–27 The longer oligoenes absorb in the visible region due to the delocalization of 
π electrons lowering their energy gap, thus oligoene fragments are found in many 
dyes.28,29 Oligoenes are also important building blocks in biological systems; for example, 
many fatty acids30 as well as carotenoids31,32 are oligoenes.  
In the context of diphenyl oligoenes, stilbene can be viewed as the monomer. 
Stilbenes have the chemistry of conjugated olefins and can be used as a model system to 
study the effect of end group substituents and conformation of the double bond (cis or 
trans) on higher oligoenes.33 The photochemistry of stilbene is well studied.34–38 Both cis 









this process typically requires absorption of 180 - 190 nm light for isolated olefins, due to 
conjugation with the phenyl groups the excitation energy is lowered to more accessible 
wavelengths of 250 nm - 300 nm for stilbenes. The trans stilbene isomer is 
thermodynamically more stable, since the phenyl rings are coplanar while they twist out 
of plane in the cis isomer due to steric interactions at the ortho positions. Under UV 
irradiation, cis stilbene undergoes reversible photocyclization to give 
dihydrophenanthrene, which can be oxidized to give the stable phenanthrene in high 
yields. In the absence of an oxidant, dihydrophenanthrene typically cannot be isolated 
since both photochemical and thermal reactions give the original ring-opened cis stilbene. 
This general reaction scheme holds true for a variety of substituted stilbenes as well as 
their heterocyclic and polycyclic analogs.33  
Scheme 1.1. Photochemistry of stilbenes. 
 
 This thesis details the synthesis and characterization of various linear and cyclic 
stilbene derivatives and oligoenes. The conjugated macrocycle, cyclostilbene, shows 
intense fluorescence and acts as an interesting supramolecular host material. The linear 
oligomers show unique applications such as a single molecule rectifier and singlet fission. 
1.2 Conjugated Macrocycles 
Conjugated macrocycles are an important class of materials that show unique 
structural, optical, and electrical properties.39–41 While there are numerous examples in 













most closely related to the structures in this thesis: cycloparaphenylenes (CPPs) and 
cyclophanes bridged at the para positions by olefins. 
The CPPs, which are composed of phenyl rings linked end-to-end at the para 
positions, can be viewed as the simplest unit of carbon nanotubes.42–44 Synthetically, they 
are challenging targets due to ring strain in the bent aromatic system. In recent years, 
CPPs have been independently synthesized by three research groups using different 
methods (Scheme 1.2).45–47 In all methods the key is the formation of an unstrained cyclic 
precursor followed by an efficient reaction to introduce strain, such as reductive 
aromatization (Jasti method), oxidative dehydration (Itami method), or reductive 
elimination (Yamago method). The development of these methods will enable the 
synthesis of other novel conjugated macrocycles and allow for a systematic study of their 
physical properties.  
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 The trend of the energy level alignment of CPPs is opposite of their linear 
analogs.48 For linear oligophenylenes, as the number of repeat units n increase, their 
highest occupied molecular orbital (HOMO) energy increases, while the lowest occupied 
molecular orbital (LUMO) energy decreases. Therefore, the energy gap for the series of 
linear oligophenylenes decreases as n increases. However, this trend is reversed for CPPs 
- the smallest [5]CPP has the highest HOMO and lowest LUMO, and thus the lowest 
band gap. Therefore, as the ring size increases the band gap also increases. Another 
significant feature is that their ring strain decreases as n increases. This makes [5]CPP, 
which holds 119 kcal/mol strain energy and severely distorted benzene rings, the most 
synthetically challenging target.49,50 The HOMO→LUMO transition in CPPs is symmetry 
forbidden, and the first optically allowed excitation is the combination of HOMO–
1→LUMO and HOMO→LUMO+1 transitions.51 This is reflected in the UV-Vis spectra 
of CPPs, where the absorption maxima is the same regardless of n. Their Stokes shifts, 
however, increase as n decreases. For example, [8]CPP is green fluorescent, while the 
larger [12]- and [13]CPP fluoresce in the deep blue region.48 The change in Stokes shift 
for CPPs is due to different amounts of structural changes in the excited state - the 
smaller CPPs undergo a larger change in the excited state to relieve strain.52,53 
 Apart from their unique photophysical properties, CPPs also show interesting 
electrochemical properties. [8]-[13]CPPs studied by cyclic voltammetry (CV) show one 
reversible oxidation peak, while [5]CPP shows two reversible oxidations.48,49 The 
oxidation potential for the CPPs increases with larger n values, and this is in good 
agreement with the trend of their HOMO energies. A closer study of [8]CPP, in which 




two oxidation events.54 The radical cation was confirmed by electron spin resonance 
(ESR) spectroscopy, and the dication was characterized by single crystal X-ray 
crystallographic analysis of [8]CPP2+(SbCl6¯)2. The crystal structure shows that [8]CPP2+ 
align in tubes along the c axis, and the tubes arrange in a honeycomb pattern. The 
counterions fill in the void between sheets of the dication.  
The solid state packing of [8]CPP2+ shows similarities and differences to its 
neutral compound.55 While both stack into tubular structures, the dication shows a linear 
alignment similar to zig-zag nanotubes, whereas the [8]CPP molecules align like a chiral 
nanotube in a herringbone pattern. Up to now, the crystal structures of [5]-[10] and 
[12]CPP have been reported.50,56–59 Apart from [6]CPP, which packs in a similar fashion 
to [8]CPP2+, all the other CPPs pack in a herringbone pattern. Their channel architectures 
in the solid state are interesting targets to fill with guest molecules, and CPPs show size-
selective host-guest chemistry. For example, C60 can be selectively encapsulated by 
[10]CPP to form a molecular peapod structure, which was confirmed by NMR 
spectroscopy, fluorescence quenching, and single crystal X-ray diffraction.55,60 
Cyclophanes with olefin bridges were synthesized and studied to answer the 
question: Do these structures show more benzenoid or quinoid character?61 The classic 
example of Staab’s kekulene (Figure 1.1a) highlights the differences between benzenoid 
and annulenoid aromaticity.62,63 There are over 200 Kekule forms that can be drawn for 
its generic structure, but two representative resonance structures are shown: the quinoid, 
or annulenoid form (Figure 1.1b) and the benzenoid form (Figure 1.1c). In the quinoid 
form, this molecule can be viewed as a combination of [18]annulene (red) and 




current, while the outer protons should be deshielded. This would result in extremely 
upfield resonances of the inner protons (negative chemical shift relative to TMS). In 
addition, the C=C bonds should have roughly equal length. In contrast, in the benzenoid 
form, where the molecule is comprised of six benzene rings (purple) connected by cis 
double bonds in the meta position and sigma bonds in the para position, all of the inner 
protons belong to benzene and would therefore experience deshielding effects. Moreover, 
there would be two types of C=C bonds: a typical double bond and a slightly elongated 
one due to aromaticity. The 1H-NMR of kekulene showed no evidence of diatropic 
shielding of the inner protons (δ 7.94, 8.37, 10.45 ppm), and two types of double bond 
lengths were observed in the single crystal. Therefore, it is evident that kekulene shows 
predominantly benzenoid character.  
 
Figure 1.1. Kekulene in its (a) generic, (b) annulene, (c) benzene form. 
 It was with the question of quinoid or benzenoid in mind that cyclophanes with 
olefin bridges (some examples64–67 are shown in Figure 1.2) were investigated.61 These 
cyclophanes were prepared by multiple intramolecular Wittig reactions under high 
dilution and low temperature. In its neutral form, these cyclophanes showed benzenoid 
character similar to kekulene, and the phenyl rings rotate about the σ bond so that there is 




reduced to their dianion state using an alkali metal such as K, and these dianions 
exhibited NMR resonances at extremely upfield regions (δ -6 to -10 ppm). For example, 
1.1 shows two chemical shifts at 7.32 ppm (phenyl H’s) and 6.45 ppm (olefinic H’s). 
However, 1.12- shows three sets of resonances: 9.33 ppm (outer phenyl H’s), 9.58 ppm 
(olefinic H’s), and -7.07 ppm (inner phenyl H’s). The strong shielding effect of the inner 
protons due to diatropic ring current clearly indicates that the cyclophane dianions behave 
as [4n+2]annulenes, in contrast to their neutral analogs that are predominantly benzenoid 
character. 
 
Figure 1.2. Structures of some unsaturated cyclophanes that were investigated for their ring 
current effect. For more examples, see references 61 and 64-67. 
These unsaturated cyclophanes served as a model system to study the 
fundamental differences of π-electron delocalization between the “doped” quinoid state 
and intrinsic benzenoid state in cyclic structures, which possess ring current effects that 
their linear counterparts lack. However, there have been no efforts in studying their 






to bridge the gap between the aforementioned conjugated macrocycles to synthesize 
CPP-like belt-shaped (instead of planar) macrocycles with olefin bridges. This design 
motif will enhance CPPs with the reactivity and isomerization properties of olefins. 
1.3 Molecular Rectification and Measurement Techniques 
 Aviram and Ratner first proposed the concept of a molecular rectifier in 1974, 
which involves an asymmetric donor-σ bridge-acceptor molecule connected to two metal 
electrodes to mimic bulk p-n junctions.68 The possibility of using a single molecule to 
direct the flow of current opened up the field of molecular electronics, which has gained 
considerable attention in recent years as electronic devices continue to shrink in size 
according to Moore’s Law.69 The key to achieving rectification is creating asymmetry in 
the junction, for example in the molecular backbone,70,71 linker groups,72 electrode 
materials,73 or environment control.74  
 Despite being first proposed four decades ago, experimental realizations of 
rectification have been limited, especially at the single molecule level.75,76 In order to be 
able to study single molecule rectification, one must be able to reliably measure the 
conductance of a single molecule. The work in this thesis is performed using the 
Scanning Tunneling Microscope Break-Junction (STM-BJ) technique.77,78 As shown in 
Figure 1.3, a gold STM tip is brought down to a gold substrate and pulled back to form 
gold-gold contacts. Typically, a small bias of around 50 mV-250 mV is applied and 
conductance is measured as a function of displacement length (distance between tip and 
substrate). As the gold wires become atomically thin during the pull back process, 
stepwise drops of G0 (quantum of conductance, G0=2e2/h, where e is the electric charge 




formed (Figure 1.3c). Beyond this point, the junction breaks and the conductance decays 
exponentially (Figure 1.3e). When a molecule of interest is functionalized with linker 
groups to form contacts with the gold electrodes, then the molecule can bridge between 
the gap of the gold electrodes (Figure 1.3d) and its conductance can be measured. One 
type of linker groups can bind to the undercoordinated gold atoms through donor-
acceptor interactions, such as amines or sulfides;79 another class of linker groups can 
form covalent contacts to gold, such as thiols or trimethylstannanes.80,81 
 
Figure 1.3. STM Break Junction technique. (a) The STM gold tip is brought down to the gold 
substrate. (b) The gold tip is pulled away from the malleable gold surface, drawing a chain of 
gold atoms. (c) Formation of a single point contact at a certain displacement length. (d) When the 
measurement is done in solution, the molecule can bridge the gap between the gold electrodes. (e) 
Sample traces from experiments on a clean gold surface and in a solution of 1,4-benzenediamine. 
(f) Conductance histograms compiled from 6000 traces. 
The advantage of this technique is that the junction can be repeatedly formed and 




histogram of 1,4-benzenediamine compiled from 6000 traces. The breadth of the peaks 
accounts for outlier events such as when the molecule is not picked up by the gold tip, as 
well as different binding geometries and conformations of the molecule in the junction. 
Compared with the STM-BJ technique, other methods that rely on lithography82–84 to 
create a nanogap are not as versatile, since it is not possible to fabricate thousands of 
devices on a reasonable time scale. Another advantage is that it is possible to vary 
different parameters during the measurement, such as the bias voltage applied and 
holding the molecule in the junction for a period of time, which are both essential to 
studying rectification. 
 
Figure 1.4. Design of molecular rectifier based on asymmetric linker groups and the energy 
diagrams in forward and reverse bias.  
Our rectifier design strategy is based on functionalizing a conjugated molecular 
backbone (stilbene) with asymmetric linker groups.85 Figure 1.4 shows a schematic 
describing charge transport through molecular junctions. The molecule is more strongly 
coupled to the left electrode. The molecular energy levels are aligned with a certain 
respect to the Fermi energy (EF) of the gold electrodes, shown here is a HOMO 




transmission function (blue curve) shifts along with the more strongly coupled left 
electrode. Since conductance is directly proportional to the area beneath the transmission 
function (gray shade), this model shows that the conductance is dependent on bias 
direction. This would not be achieved with a symmetrical molecule, as it would be 
equally coupled to the two electrodes, and therefore open up a same bias window 
regardless of bias direction.  
Studies on single molecular rectifiers have been limited and have suffered from 
poor performance and poor predictability. The work in this thesis uses the tools the 
chemical design and synthesis to study a family of molecular diodes whose rectification 
ratio can be tuned by varying a single linker group. We demonstrate experimentally for 
the first time, not only the possibility of using the asymmetric linker design to create 
efficient single molecular rectifiers, but also the predictability and tunability of this 
system. 
1.4 Singlet Fission 
Singlet fission (SF), the splitting of one singlet exciton into two independent 
triplets, can potentially increase the efficiency of optoelectronic devices beyond the 
conventional Shockley-Queisser limit.86,87 Highly efficient SF has only been found in 
solids and aggregates of a few molecules, for example acenes and carotenoids.88,89 The 
lack of SF molecules has greatly limited the exploration of this phenomena for solar 
energy conversion.  
Using pentacene as an example, the process of SF is depicted in Figure 1.5.90–92 
The molecule is initially excited to its singlet state (S1), which then couples with a 




state has the spin characteristics of a singlet, and 
therefore singlet fission is a spin-allowed process 
unlike intersystem crossing (ISC). The TT state can 
then separate into two separate triplets (2T1) on the 
neighboring molecules. In order for efficient singlet 
fission to occur, there are two requirements: energy 
level alignment and intermolecular packing. Singlet 
fission is most favorable for systems where the singlet 
fission energy (Δ!!" = 2!!! − !!!) is zero (isoergic) 
or slightly less than zero (exoergic). It is less favorable for endoergic systems or when the 
triplet energy is too far from half the singlet energy. The second requirement is the 
intermolecular packing, which is important for the formation of the TT state and efficient 
separation of the two triplets, which will otherwise annihilate to give one singlet. 
Theoretical studies have indicated that the slip-stacked geoemtry is the most favorable 
packing geometry, which agrees well with experimental studies on 
diphenylisobenzofuran, 5,12-diphenyltetracene, and a tetraphenyl substituted perylene 
diimide (PDI) derivative.93–95  
Due to the intermolecular nature of the process described above, SF yield is 
highly sensitive to the packing geometry of the molecules as well as the crystallinity of 
the film. For these systems, SF is not observed in solution, and only in rare cases are 
known in amorphous solids, but most likely occuring from small localized ordered 
regions within the amorphous film.94 The stringent requirements on intermolecular 
packing and crystallinity limit the possibility of utilizing these molecules in actual 
!
Figure 1.5. Mechanism of 
intermolecular singlet fission 
in pentacene. Image adapted 




devices. Molecules that can undergo intramolecular SF are more applicable to functional 
devices. There have been a few examples of intramolecular SF, mainly observed in 
polymers or  covalently linked dimers that are either connected directly or through a short 
molecular bridge.96–99 Most attempts to design fission materials by controlling the relative 
orientation (e.g. slip-stacked, π-stacked, herringbone etc.) of the two moeties in a 
covalent dimer have been unsuccessful.100–102  
A different approach uses a donor-acceptor (DA) design motif to achieve charge-
transfer (CT) mediated intramolecule SF in both polymers and small molecules.98 Both 
experiments and calculations have suggested that coupling between the S1 state and ME 
state is weak, but when mediated by an intermediate CT state the coupling can be quite 
strong. Most of the existing high-performance organic solar cell donor materials are DA 
block copolymers or oligomers comprised of alternating electron rich (D) and electron 
poor (A) building blocks.17,103–105 In these DA systems, the HOMO is mainly localized on 
the donor moiety, while the LUMO is mainly localized on the acceptor moiety. Charge 
transfer between the two moieties lead to lower band gaps. For example, Tour et al. was 
able to reach a band gap of 1 eV using a copolymer of 3,4-diaminothiophene (D) and 3,4-
dinitrothiophene (A).106 The DA concept can be used to design efficient SF materials 
because its lowest excitation is a CT state, and the energy levels of S1 and T1 can be 
easily tuned by selection of different building blocks to achieve the most favorable 




A drawback of intramolecular SF is that the triplets have a relatively short 
lifetime before they annihilate, since they are not separated onto adjacent molecules. This 
thesis addresses this problem by studying a family of cyano functionalized oligoenes 
(DPDCs)107 that undergo intra- to intermolecular SF. The oligoenes are structurally 
similar to carotenoids, which are known to show SF.108 The electron-withdrawing cyano 
groups lower the orbital energies, thereby stabilizing the molecule without distorting the 
planarity of the olefin backbone. Moreover, the cyano groups can introduce CT 
characteristics to the excited singlet state, which 
can facilitate the formation of an intramolecular 
ME state. The triplets can then separate onto 
adjacent oligoenes to achieve longer triplet 
lifetimes. The orbital energies and packing of 
oligoenes can be easily tuned by varying their 
length or functional groups through synthesis 
(Scheme 1.3), making DPDCs an ideal model 
system to study singlet fission.  
1.5 Efforts in this thesis 
 Using the tools of synthetic chemistry, it is possible to systematically design and 
study a family of atomically well-defined structures to gain a better understanding of 
their structure-function relationships, which is important to improving device 
performance. The studies in this thesis were all conducted with this goal in mind. The 
following chapters describe the design, synthesis and characterization of cyclic and linear 
olefinic oligomers.  
Scheme 1.3. Synthesis of DPDCs. 
  
!
Conditions and reagents: (i) DBU, 
MeOH, 12h, 10-60% (for DPDCn series, 
m=1-5); (ii) LiOMe, THF, reflux, 24h; 




 In chapter 2, the stereoselective synthesis of two cyclostilbene isomers from a 
tetraplatinum intermediate and subsequent photoisomerization is described. These 
conjugated macrocycles are formed from the end-to-end linking of stilbenes and differ by 
the conformation of the double bond in the subunits. From NMR experiments and density 
functional theory (DFT) calculations, it is shown that the stereoselectivity arises from a 
strain-induced isomerization in the platinum reductive elimination step. Single crystal X-
ray diffraction reveals the formation of channel architectures in the solid state that can be 
filled with guest molecules. The cyclostilbene macrocycles emit blue light with 
fluorescence quantum yields that are high (>50%) and have photoluminescence lifetimes 
of ~1-3 ns. The breadth and large Stokes shift in fluorescence emission, along with broad 
excited state absorption, result from strong electronic-vibronic coupling in the strained 
structures of the cyclostilbenes. 
 In chapter 3, a new method of tuning rectification in single molecule diodes with 
a conjugated molecular backbone and asymmetric linker groups is explored. Our design 
for molecular rectifiers uses a stilbene molecular backbone with a single thioether group 
linking one end to an Au electrode, and a trimethyltin group at the other end, which forms 
a direct Au-C bond in-situ. The coupling of the π-system through the gold-sulfur donor-
acceptor bond varies with their relative orientation, and control of this relative orientation 
through chemical modifications results in tunable rectification. We use this concept to 
design and synthesize a family of diodes, and demonstrate through single-molecule 
current-voltage measurements that the rectification ratio can be predictably and 
efficiently tuned. This result constitutes the first experimental demonstration of a 




 In chapter 4, a combined intra- to intermolecular mechanism for singlet fission in 
a tunable class of α,ω-diphenyl-µ,ν-dicyano-oligoenes (DPDCs) is discussed. Transient 
absorption measurements on both solutions and films of these molecules suggest the 
formation of a charge transfer mediated triplet pair state, which can split into two 
separate triplets on adjacent molecules in the solid film. Our findings show that the 
singlet fission yield is determined by the energy level alignment as well as the 
intermolecular packing geometry and crystallinity of the films. Moreover, the versatility 
of chemical modification in this system can allow us to fine-tune energetic alignment as 
well as the crystal stacking motifs. Our efforts in this area are also described, namely 
studies on derivatives of oligoenes bearing thiophene or amide end groups. Finally, 
attempts to create a more efficient family of A-D-A type intramolecular SF materials 
with longer triplet lifetimes are described. Our design uses PDI as the acceptor unit, 
covalently linked with various donor building blocks. This study gives insight into the 
competition between singlet fission and intersystem crossing processes, which can both 
be mediated by a charge transfer state. 
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Chapter 2 Strain-Induced Stereoselective Formation of Blue-Emitting 
Cyclostilbenes 
This chapter is based on the following manuscript: Qishui Chen, M. Tuan Trinh, 
Daniel W. Paley, Molleigh B. Preefer, Haiming Zhu, Brandon S. Fowler, Xiaoyang Zhu*, 
Michael L. Steigerwald*, and Colin Nuckolls*, “Strain-induced Stereoselective Formation 
of Blue-Emitting Cyclostilbenes”, J. Am. Chem. Soc., submitted. The compounds were 
synthesized with assistance from Molleigh B. Preefer. The fluorescence quantum yield 
and transient absorption measurements were performed by Dr. M. Tuan Trinh in 
Professor Xiaoyang Zhu’s group. The fluorescence lifetimes were measured by Dr. 
Haiming Zhu in Prof. Xiaoyang Zhu’s group. X-ray crystallographic analysis was 
performed by Daniel W. Paley. Mass spectrometry was conducted by Dr. Brandon S. 
Fowler. 
2.1 Introduction 
Here we describe a new conjugated belt formed by linking stilbene subunits into 
macrocycles, a cyclostilbene. The molecules in this study are members of a growing class 
of conjugated macrocycles,1,2 such as cycloparaphenylenes (CPPs),3–5  cyclothiophenes 
(CTs),6–8  and cycloporphyrins (CPs).9–11 The advent of the synthetic methods to form 
strained conjugated macrocycles over the last few years is enabling the formation of new 
cyclic structures that heretofore were difficult to make. The three main approaches to 
making strained conjugated macrocycles are: (1) using statistical oligomerization of 
precursors with curvature,7,12,13 (2) synthesizing an unstrained cyclic precursor followed 
by an efficient reaction that introduces strain,4,14,15 or (3) using a template to aid in the 
formation of the macrocycle.9,16 A wealth of new materials can result from these new 
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types of cyclic conjugated oligomers that have well-defined sizes and shapes. For 
example, conjugated macrocycles are useful as supramolecular nanostructures, such as 
columnar tubes or inclusion complexes.17–20 The design strategy to yield interesting 
structural, optical, and electronic properties for cyclic, conjugated macrocycles is 
different than that of linear conjugated molecules.21 Within this context, we investigated 
the formation of cyclostilbenes by the end-to-end linking of stilbenes into macrocycles. 
We show in Figure 2.1 three stereoisomers 1-CTCT, 2-CCCC, and 3-TTTT, that differ 
by the number of trans (T) and cis (C) double bonds in the stilbene subunits.  
 
 
Figure 2.1. Structures of cyclostilbenes 1-CTCT , 2-CCCC, and 3-TTTT.  
Stilbene is a prototypical subunit used in many conjugated oligomers and 
polymers such as poly(phenylene vinylene),22 yet it has not been studied extensively in 
cyclic structures. The optical and electronic properties of stilbene are extremely sensitive 
to both the environment and the conformation of the stilbene.23,24 Large cyclophanes 
linked with unsaturated bridges have been extensively studied for their electrochemical 
properties, and strong diamagnetic ring currents were observed in their dianions.25,26 
However, their low-yielding and non-selective syntheses27–29 precluded them being 
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studied fully. In this chapter, we describe a new selective synthesis of two cyclostilbenes 
1-CTCT and 2-CCCC. 1-CTCT has alternating cis and trans double bonds and forms 
stereoselectively from the four-fold reductive elimination of a tetranuclear square planar 
platinum macrocycle. 2-CCCC can be formed quantitatively by UV-irradiation of 1-
CTCT. Our approach gives precise control over the final product structures. We find that 
these molecules are strong blue emissive materials that can act as supramolecular hosts 
and pack in tubular structures in the solid state. 
2.2 Synthesis of cyclostilbenes 1-CTCT and 2-CCCC 
Scheme 2.1 shows the method developed to synthesize cyclostilbene 1-CTCT.  
We based our strategy on that of Yamago and coworkers for the synthesis of CPPs4 and 
Bauerle and coworkers for the synthesis of 
CTs.30 Here, we utilize the (E)-4,4’-
bis(trimethylstannyl)-stilbene in combination 
with Pt(COD)Cl2 (COD=1,5-cyclooctadiene) to 
form the square tetranuclear platinum complex 
(5) in 84% yield. Figure 2.2 shows the crystal 
structure of 5, confirming that all four stilbene 
units retain the trans geometry of the olefin. 
Reductive elimination (upon addition of 10 
molar equivalents of PPh3) forms the cyclostilbene in 28% yield. The direct 4-fold 
reductive elimination would yield cyclostilbene 3-TTTT; however the macrocycle that 
we isolate is 1-CTCT, in which two of the double bonds have isomerized to the cis-olefin. 
The reaction is stereoselective in that we do not isolate or detect any of the other 
!
Figure 2.2! Molecular structure of 5. 
Black, carbon; purple, platinum. Solvent 
molecules, hydrogen atoms and the 
minor positions of the disordered cod 
ligands are omitted for clarity.  
!
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stereoisomers with a different arrangement of cis and trans double bonds. Under UV-
irradiation, 1-CTCT quantitatively converts to isomer 2-CCCC. This isomer had been 
previously synthesized in a poor yield (~1%) via a four-fold Wittig reaction.31 
Scheme 2.1. Synthesis of macrocycle 1-CTCT.a 
 
akey: (a) i. n-BuLi, THF, -78oC, 3h. ii. SnMe3Cl, -78oC to rt, 12h, 78%; (b) Pt(COD)Cl2, 1,2-
dichloroethane, 75°C, 20h, 84%; (c) PPh3, toluene, 100°C, 24h, 28%.  
We isolate both 1-CTCT and 2-CCCC as light yellow solids. Unlike their 
unsubstituted linear counterparts,32,33 cyclostilbenes are soluble in common organic 
solvents such as dichloromethane (DCM), tetrahydrofuran (THF), and chloroform 
(CHCl3). They are insoluble in toluene and methanol (MeOH). Both isomers are air-
stable and can be kept in the ambient for extended periods of time without change. 
Neither stereoisomer (1-CTCT or 2-CCCC) shows any mass loss up to 400 °C from 





a: R = Br










Figure 2.3. TGA analysis of 1-CTCT. 
 
Figure 2.4. TGA analysis of 2-CCCC. 
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 2.3 Crystal Structures of cyclostilbenes 1-CTCT and 2-CCCC 
We were able to grow single crystals suitable for X-ray diffraction for both 
isomers. After extensively screening solvent combinations, we found that 1-CTCT forms 
crystals by layering of toluene on a THF solution of the macrocycle and that 2-CCCC 
forms crystals by layering of MeOH on a DCM solution of the macrocycle. Figure 2.5a 
shows the top view of cyclostilbene 1-CTCT. The macrocycle crystallizes as a 1:1 
inclusion complex, 1-CTCT•toluene. The molecule adopts an ellipsoidal shape, with the 
long axis (19.1 Å) nearly twice the length of the short axis (9.7 Å). The two stacked 
trans-stilbene moieties deviate away from planarity by ~19° [C-C=C-C dihedral angle = 
161.0(11)°]. The angles at the sp2 carbons of the cis and trans double bonds are slightly 
expanded to between 121.8(11)° and 128.3(10)°. The biphenyl units have a wide range of 
Ar-Ar twist angles between 21.3(17) and 51.5(15)°. The packing of 1-CTCT in the solid 
state is similar to [8], [9], [10], and [12]-CPP.19 The molecules stack in tubular structures 
along the a-axis direction, and the tubes pack in a herringbone pattern (Figure 2.5c). 
Isomer 2-CCCC has a different shape and a smaller inner cavity than 1-CTCT. 
As shown in Figure 2.5b, the macrocycle is square-shaped. The cavity measures 7.9 Å 
from the edge of one phenyl to the edge of the other phenyl across the macrocycle 
(Figure 2.5b). The cavity is filled with disordered DCM molecules from the 
crystallization. The angles at the sp2 carbons of the cis double bonds are more expanded 
than 1-CTCT to between 129.5(2)° and 133.1(2)°. The biphenyl units are nearly coplanar, 
and the Ar-Ar dihedral angles range from 9.2(3)° to 26.3(3)°. Similar to 1-CTCT, 
channel architectures form in the packing of 2-CCCC, as the molecules stack with their 
cavities over each other along the c-axis direction. The channels are smaller in 2-CCCC 
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than in 1-CTCT because for 2-CCCC the molecules slip stack with respect to their 
neighbors. This slip stacking can be seen in the alternating layers in Figure 2.5d. The 
channels in 2-CCCC are also more continuous than in 1-CTCT, which caused several 
challenges in the crystal structure determination. DCM easily diffuses out of the channels, 
which causes the crystals to shatter rapidly when in contact with oil. The continuous 
solvent-filled channels also cause extensive crystallographic disorder. 
 
Figure 2.5. Single crystal X-ray diffraction structure of (a) 1-CTCT•toluene and (b) 2-CCCC 
from top view. Disordered DCM solvent molecules are removed for clarity. Packing structure of 
(c) 1-CTCT along the (100) and (302) planes and (d) 2-CCCC along the (001) and (102) planes. 
Hydrogen atoms and solvent molecules are removed. 
The intramolecular π-systems orient differently in 1-CTCT than in 2-CCCC. The 
p-orbitals are aligned essentially perpendicular to the plane of the ring in 2-CCCC, 
whereas they are aligned radially in 1-CTCT (excepting those of its two cis C=C bonds). 
This orientation difference is controlled by varying the geometry of the double bond in 
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the macrocycle and plays an important role in both the strain energies and the excited 
state properties of the molecule, as discussed in the following sections. 
2.4 Relative energies of cyclostilbene isomers 
Although examples of conjugated macrocyclic isomers containing cis (C) or trans 
(T) olefins are known, the stereochemistry is built in during their synthesis, using 
typically Wittig or McMurry reactions.26,34–36 Our observation of isomerization from a 
TTTT precursor to give stereoselectively a CTCT isomer is unusual. We used density 
functional theory (DFT) calculations to gain insight into the different cyclostilbene 
isomers. Figure 2.6 shows the optimized geometries and relative energies of all six 
possible cyclostilbene isomers. The CCCC geometry is the lowest in energy, and we use 
its total energy as the zero benchmark. The next most stable configuration is CTCT, 
which is 5.6 kcal/mol higher in energy, followed by CCCT. The least stable isomer is 
TTTT that is 32.7 kcal/mol higher in energy than the all cis macrocycle. For a stilbene 
monomer, the cis isomer is more sterically hindered and higher in energy than trans. 
However, in the cyclostilbene macrocycle, due to the bent shape of cis-stilbene it is 
actually more favorable than trans-stilbene that needs to bend its π-system to 
accommodate the curvature required to form a belt structure. This is evident when 
comparing the strain in 1-CTCT and 2-CCCC that is estimated to be 17.0 and 0.1 




Figure 2.6 Structures and relative energies of cyclostilbene isomers calculated at the B3LYP/6-
31G** level. Energy values are in kcal/mol, and compared with the lowest energy isomer 2-
CCCC.  
Uncatalyzed, thermal trans-to-cis isomerization is known for overcrowded 
ethylene systems, where steric effects lower the activation barriers due to destabilization 
of strained ground-state conformations.38 Similarly, it is possible that the highly strained 
3-TTTT isomer is initially formed from direct reductive elimination of Pt macrocycle 5, 
and then isomerizes to a more stable isomer 1-CTCT to reach an energy minimum. 
However, this cannot explain the fact that 1-CTCT is formed exclusively in the reaction 
and not a thermodynamically controlled ratio of different products. Therefore, instead of 
a direct 4-fold reductive elimination to yield 3-TTTT, it is more likely that the 
stereoselective isomerization occurs during the multi-step reductive elimination process. 
2.5 Mechanism of Stereoselective Isomerization 
In order to follow the cascade of reactions that lead from 5 to the ultimate product 
1-CTCT and further understand the stereoselective isomerization process, we monitored 
the reaction in C2D2Cl4 by 1H NMR. Figure 2.7 shows the downfield region (δ = 6.5 - 7.0 
ppm) of the 1H NMR spectrum that is remote from the aryl phosphine resonances. Within 
this region, we are able to observe the partial spectra of two intermediates during the 
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reaction. Upon addition of PPh3 and heating to 50°C, 3 resonances emerge that have 
equal integrated intensities, suggesting that it is not simply the ligand exchange product 
containing four platinum centers in which the resonances would integrate 2:2:1.   
 
Figure 2.7. Aromatic region of the 1H NMR spectra of two reaction intermediates (a) 6-Pt3 and 
(b) 7-Pt2. Phosphine ligands are removed to clarify the view. (red: platinum; black: carbon; gray: 
hydrogen) 
We assign this new species to the fan-shaped intermediate 6-Pt3, in which one 
platinum center has been eliminated. In this structure, there are two types of stilbene units 
present - stilbene I and stilbene II, and there are two of each type. The two stilbene I units 
are those that had been bonded to the now-eliminated Pt center, and they are now bonded 
to one another to give the arced arm of 6-Pt3. Each of the two stilbene II units retains 
both of its Pt termini, forming a straight arm of 6-Pt3. The phenyl resonances in stilbene 
II are shifted upfield to the stilbene olefin region due to PPh3-ligated Pt(II), whereas in 
stilbene I the phenyl protons are shifted downfield outside the clean spectrum window. 
The seemingly simple spectral pattern can be deconvoluted by COSY and HSQC 




Figure 2.8. COSY spectrum of intermediate 6-Pt3. 
 




















































When we heat 6-Pt3 to 90 °C, we observe the formation of a second intermediate, 
as well as the fully eliminated product 1-CTCT (Figure 2.6b). This second intermediate 
has only one resonance in this window of the spectrum, suggesting the highly 
symmetrical structure 7-Pt2. The observed resonance corresponds to both olefin protons. 
Each of the phenyl protons is buried underneath the phosphine region as those of stilbene 
II in 6-Pt3.  Consistent with reductive elimination from platinum biaryls being a first-
order reaction,39,40 both the decay of 6-Pt3 and the formation of 1-CTCT over time fit to 
a single exponential (Figures 2.10 and 2.11). 
 
Figure 2.10. Decay of 6-Pt3 over time monitored by 1H NMR spectroscopy. 
 
Figure 2.11. Formation of 1-CTCT over time monitored by 1H NMR spectroscopy. 
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Therefore, by combining the NMR experimental observations and DFT 
calculations, we propose a stepwise platinum reductive elimination mechanism for the 
stereoselective formation of 1-CTCT (Figure 2.12). There is a great amount of curvature 
in the trans-stilbene units in 7-Pt2, and the formation of an additional aryl-aryl bond 
would introduce even more distortion, making reductive elimination unfavorable 
compared to other processes such as homolytic cleavage to give linear oligomers instead 
of the desired cyclic product.30,41 The other pathway for 7-Pt2 is thermal isomerization of 
the trans double bonds to the cis conformation. The stereochemical isomerization occurs 
because this isomerization pattern gives rectangular-shaped 8-Pt2 that is the most 
favorable pathway to release strain from 7-Pt2. From this structure, reductive elimination 
proceeds rapidly to form cyclostilbene 1-CTCT, and 8-Pt2 is not observable on the NMR 
time scale. 
 
Figure 2.12. Proposed mechanism of stepwise reductive elimination to stereoselectively form 
isomer 1-CTCT. Hydrogen atoms and phosphine ligands are removed to clarify the view. (red: 
platinum; black: carbon) 
2.6 Photophysics of 1-CTCT and 2-CCCC 
Figure 2.13a displays the UV-vis absorption and fluorescence emission spectra 
for 1-CTCT and 2-CCCC. A striking feature is that both cyclostilbenes show broad blue 
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emission and large Stokes shifts. Table 2.1 summarizes the photophysical data for 1-
CTCT and 2-CCCC. The maximum absorption of cyclostilbene 1-CTCT shifts slightly 
to the red from that of 2-CCCC. Time-dependent DFT (TD-DFT) calculations indicate 
that the HOMO→LUMO transition is symmetry forbidden in both molecules. This is 
similar to what is observed for CPPs and other symmetrical, conjugated macrocycles.42  
 
 
Figure 2.13. (a) UV-vis absorption spectra of 1-CTCT (blue, solid line) and 2-CCCC (red, solid 
line), 1×10-5 M in DCM. Fluorescence spectra of 1-CTCT (blue, dashed line) excited at 340 nm 
and 2-CCCC (red, dashed line) excited at 320 nm, 1×10-7 M in DCM. The arrow indicates the 
shoulder peak that corresponds to the HOMO→LUMO transition. (b) Normalized 
photoluminescence decay kinetics of 1-CTCT (blue) and 2-CCCC (red) in DCM solution and 
their fits (black). (c) Excited state structure estimated by DFT calculations. The C-C=C-C 
dihedral angles are labeled. 
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The absorption peak in the UV region arises from a π-π* excitation that is a 
combination of HOMO–1→LUMO and HOMO→LUMO+1 transitions with a high 
oscillator strength (f). Our calculations indicate that this transition occurs from primarily 
the olefin (the trans olefin in the case of 1-CTCT) to its π* orbital (Figure 2.14). The 
lower-energy shoulder peak corresponds to the HOMO→LUMO transition (arrow in 
Figure 2.13a). This is due to dynamic conformational changes in solution that break 
symmetry and result in non-zero f values. 
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 Figure 2.14. DFT calculated molecular frontier orbitals of a) 1-CTCT and b) 2-CCCC at the 
B3LYP/6-31G** level, plotted at 0.05 isovalue. 
Table 2.1. Photophysical Data for 1-CTCT and 2-CCCC. 
 Absorption Emission 
 λmax/nm λmax/nm ΦF a τF/ns kr b/108 s-1 
1-CTCT 344 436 0.56 3.05 1.84 
2-CCCC 322 440 0.55 0.82 6.71 
aCoumarin 1 (ΦF = 0.79 in air) was used as a reference for fluorescence quantum yield 
calculations (see Supporting Information). bRadiative decay rate constants from the excited 
singlet state, given by the equation ΦF = kr × τF. 
Both 1-CTCT and 2-CCCC show high photoluminescence quantum yields 
(PLQY) above 50%, similar to [9]- and [10]-CPP.42,43 The high PLQYs for the 
cyclostilbenes are surprising because the S0-S1 transition is dipole forbidden, with 
minimal or no oscillator strength in the S1 state. Calculations44 revealed that in large CPP 
molecules, S1 strongly couples with vibrational modes, resulting in a self-trapped 
localized excitonic state (S1*) with a non-zero dipole transition that facilitates strong 
emission. Similarly, the emission from the cyclostilbenes also comes from S1* state 
(Figure 2.16c) with high PLQYs. The absorption and emission processes taking place 
from different electronic states also explains the large Stokes shift for these 
cyclostilbenes. The structures of 1-CTCT and 2-CCCC in their excited states are highly 
strained. This strain results in a strong coupling of the excited states with the vibrational 
modes yielding the vibronic bands observed in the emission spectra. Figure 2.15 shows 
the emission spectra of 1-CTCT that is fitted by three-Gaussian functions with the peaks 
centered at 2.706, 2.886, and 3.049 eV. The differences in energy between these peaks 




Figure 2.15. Emission spectrum (blue) of 1-CTCT decomposed into three different Gaussian 
peaks (red). 
Although the steady-state emission features and intensity for 1-CTCT and 2-
CCCC are nearly identical, time-resolved fluorescence measurements (Figure 2.13b) 
reveal that their excited state dynamics are quite different. The fluorescence lifetime (τF) 
of 1-CTCT is nearly 4 times that of 2-CCCC (Table 2.1). As discussed previously, TD-
DFT calculations indicate that the olefin π-π* excitation is the first allowed electronic 
transition. The calculated excited state structures in Figure 2.13c reveal the origin of the 
longer fluorescence lifetime that is due to the greater difference between the excited state 
and ground state geometries. In 1-CTCT, upon excitation of the trans double bond its C-
C=C-C dihedral angle is reduced to 101.5°, which causes the shape of the cyclostilbene 
to change drastically from an oval to fan-shaped. On the contrary, in 2-CCCC, although 
one of the cis olefin C-C=C-C dihedral angle is expanded to 55.8°, the structure is less 
rigid and can more easily accommodate changes in the shape of the cyclostilbene. These 
results illustrate the elegant control of excited electronic states by molecular structure.46,47 



















To further study the role of electron-phonon coupling in these molecules, we 
performed transient absorption spectroscopy on 1-CTCT. Figure 2.16 shows differential 
transmission (-DT/T) spectra and exciton dynamics for 1-CTCT in chloroform upon 325 
nm excitation. Interestingly, we observed a very broad excited state absorption from the 
visible to near IR range. The dynamics at different wavelengths are described by the 
same lifetime of 1500 ± 40 ps (Figure 2.16b), indicating that they originate from a single 
species. The large structural change suggested by fluorescence measurements can also 
explain the broad transient absorption feature, as illustrated in Figure 2.16c.  The 
optically bright S2 state from initial optical excitation can rapidly relax to the twisted S1*  
 
Figure 2.16. Transient absorption spectra at various pump-probe delays (a) and exciton dynamics 
at different probe wavelengths (b) for 1-CTCT upon 325 nm excitation. (c) Schematic illustration 
of optical transition and relaxation in cyclostilbenes.  The energy levels for S1 and S2 obtained 
from the calculations (see SI), not for S1*. A and Em represent absorption and emission, 
respectively. Red arrows depict the excited state absorption. Q is the coordinate. 
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state. The broad transient absorption from S1* to S2 can be attributed to the large off-set in 
equilibrium nuclear coordinates, i.e., large re-organization energy, as illustrated by the 
red-arrows. Note that the excited lifetime of 1.5 ns from transient absorption is slightly 
shorter than that from time-resolved fluorescence (3.05 ns, Table 2.1). This difference 
may result from differences in excitation wavelengths (400 nm for the fluorescence 
lifetime measurement vs. 325 nm for transient absorption), as well as more local heating 
from the higher laser pulse energy used in the transient absorption measurement. 
2.8 Conclusion 
 In summary, we have revealed a method to stereoselectively synthesize two 
members of the cyclostilbene family of conjugated macrocycles. By simply tuning the 
configuration of the stilbene double bond, it is possible to create materials that have 
different channel architectures in the solid state and different excited state geometries. 
The cyclostilbenes are suitable hosts to form inclusion complexes, which augurs well for 
the creation of optoelectronic devices whose properties can be varied by changing the 
guest that is included.  The macrocycles emit blue light with high quantum yields due to 
their rigid, cyclic configuration providing strong coupling between their excited states 
and vibrational modes. This study also leaves a challenge to find a method to create the 
all trans-cyclostilbene that has heretofore been unattainable. 
2.9 Experimental Section 
2.9.1 General Information 
All reactions were performed in flame-dried round bottom flasks, unless 
otherwise noted. The flasks were fitted with rubber septa and reactions were conducted 
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under a positive pressure of argon, unless otherwise noted. Anhydrous solvents were 
obtained from a Schlenk manifold with purification columns packed with activated 
alumina and supported copper catalyst (Glass Contour, Irvine, CA). Stainless steel 
syringes were used to transfer air- and moisture-sensitive liquids. Chromatography was 
performed on a Teledyne ISCO Combiflash RF using Redisep RF silica gel columns. 
The following reagents were purchased from Sigma-Aldrich: dichloro(1,5-
cyclooctadiene)platinum(II), n-butyllithium (1.6 M in hexanes), trimethyltin chloride 
solution (1.0 M in THF), triphenylphosphine. trans-4,4’-dibromostilbene was purchased 
from TCI America. All chemicals purchased from commercial sources were used without 
further purification unless otherwise specified. 
Proton nuclear magnetic resonance (1H NMR) spectra, carbon nuclear magnetic 
resonance (13C NMR) spectra, tin nuclear magnetic resonance (119Sn NMR) were 
recorded on a Bruker DRX300 (300 MHz) and Bruker DRX500 (500 MHz) spectrometer. 
Chemical shifts for protons are reported in parts per million downfield from 
tetramethylsilane and are referenced to NMR solvent (CDCl3: δ 7.26; CD2Cl2: δ 5.32). 
Chemical shifts for carbon are reported in parts per million downfield from 
tetramethylsilane and referenced to the carbon resonances of the solvent (CDCl3: δ 77.2; 
CD2Cl2: δ 53.8). Spectra were analyzed with MestraNova software (Version 7.1). Data 
are represented as follows: chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, 
m = multiplet), coupling constants in Hertz (Hz), and integration. High-resolution mass 
spectrometry (HRMS) was performed on a Waters XEVO G2XS instrument equipped 
with a UPC2 SFC inlet, electrospray ionization, and a QToF mass spectrometer. 
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Absorption spectra were obtained on a Shimadzu UV 1800 UV-Vis spectrophotometer 
and emission spectra were recorded on a Fluorolog-3 spectrophotometer. 
In the transient absorption measurement, the pump laser light (∼100 fs pulse 
width) comes from an optical parametric amplifier (TOPAS) pumped by a Ti:sapphire 
femtosecond regenerative amplifier (800 nm, 1 kHz rep-rate). The probe light is a white-
light supercontinuum (450-850 nm and 900-1600 nm wavelength range, ∼100 fs pulse 
width). The pump and probe beams overlapped under a small angle in a cuvette of 2 mm 
path length. The detection consists of a pair of high-resolution multichannel detector 
arrays coupled to a high-speed data acquisition system (Ultrafast Systems). The pump 
intensity was 2.5 µJ/cm2. 
Time resolved photoluminescence (PL) decay kinetics were measured using a 
home-built epifluorescence microscope setup (Olympus, IX73 inverted microscope). The 
402 nm excitation light was generated from doubling the fundamental output (805 nm, 
100 fs, 250 kHz) from a regenerative amplifier (Coherent RegA amplifier seeded by 
Coherent Mira oscillator). The light was focused into diluted sample solution in 1cm 
cuvette by a 50X, NA=0.5 objective (Olympus LMPLFLN50X) and time resolved 
photoluminescence (TRPL) decay kinetics with emission wavelength between 450 nm 
and 550 nm were collected using a TCSPC module (B&H, SPC130) and a SPAD detector 
(IDQ, id100-50) with an instrument response function of ~ 100 ps (FWHM). 
2.9.2 Synthetic Procedures 




A 250 mL round bottom flask was charged with trans-4,4’-dibromostilbene (2.76 g, 8.2 
mmol) and 100 mL anhydrous THF. The solution was cooled down to -78 °C and n-BuLi 
(1.6 M, 12.3 mL, 19.6 mmol) was added dropwise, during which a light yellow 
suspension formed. After stirring for 3 h, trimethyltin chloride solution in THF (1.0 M, 
19.6 mL, 19.6 mmol) was slowly added, and the reaction was warmed to room 
temperature overnight. The light yellow reaction mixture was quenched with water and 
extracted with DCM three times, dried over MgSO4, then concentrated under reduced 
pressure. The residue was recrystallized from hot hexanes to yield 4b as white solid (3.24 
g, 78%). 
1H NMR (400 MHz, CDCl3): δ 7.44-7.57 (m, 8H), 7.12 (s, 2H), 0.31 (s, 9H). 
13C NMR (100 MHz, CDCl3): δ 142.2, 137.4, 136.3, 128.9, 126.2, -9.4. 
119Sn NMR (112 MHz, CDCl3): δ 27.5. 
HRMS (ASAP+): calculated m/z for [C20H28Sn2]+ is 508.0235, found 508.0235. 
Synthesis of platinum macrocycle 5 
 
A solution of 4b (1.01 g, 2.0 mmol) and Pt(cod)Cl2 (0.75 g, 2.0 mmol) in 1,2-
dichloroethane (200 mL) was degassed under N2 for 30 minutes. The mixture was heated 
to 75 °C for 20 hours, during which a precipitate formed and was collected by filtration. 
The precipitate was thoroughly washed by hexanes and dried to give 5 (0.81 g, 84%) as 






1H NMR (400 MHz, C2D2Cl4): δ 7.24 (d, J = 8.4 Hz, 16H), 7.12 (d, J = 8.4 Hz, 16H), 
6.84 (s, 8H), 5.13 (s, 16H), 2.55 (s, 32H). 
13C NMR could not be obtained due to poor solubility. 
Synthesis of cyclostilbene 1-CTCT 
 
A suspension of 5 (0.48 g, 0.25 mmol) and PPh3 (2.62 g, 10 mmol) in toluene (100 mL) 
was degassed under N2 for 30 minutes. The mixture was stirred at room temperature for 
30 minutes, and then heated to 100 °C for 24 hours. The reaction was filtered to collect a 
yellow precipitate, which was extracted with DCM (3 × 50 mL) and concentrated under 
reduced pressure. The residue was recrystallized from DCM/MeOH to yield 1 (49 mg, 
28%) as a light yellow solid. 
1H NMR (500 MHz, CD2Cl2): δ 7.44 (d, J = 8.5 Hz, 8H), 7.42 (d, J = 8.5 Hz, 8H), 7.23 
(d, J = 8.5 Hz, 8H), 6.94-6.96 (m, 16H). 
13C NMR (125 MHz, CD2Cl2): δ 140.6, 139.4, 137.7, 136.8, 133.0, 130.2, 128.6, 127.7, 
127.1, 126.7. 
HRMS (ASAP+): calculated m/z for [C56H40]+ is 712.3130, found 713.3124.  
Synthesis of cyclostilbene 2-CCCC 
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In a 100 mL round bottom flask, all-trans cyclostilbene 1 (25 mg, 0.035 mmol) was 
dissolved in anhydrous THF (35 mL) and degassed under N2 for 20 minutes. The solution 
was irradiated using a 450 W mercury lamp for 1 hour, then concentrated under reduced 
pressure. The resultant solid was recrystallized from DCM/hexanes to give 2 (19 mg, 
79%) as a light yellow solid. This compound is known and agrees with spectroscopic data 
in literature.31  
1H NMR (500 MHz, CD2Cl2): δ 7.48 (d, J = 8.0 Hz, 16H), 7.36 (d, J = 8.0 Hz, 16H), 6.66 
(s, 8H). 
13C NMR (125 MHz, CDCl3): δ 139.7, 136.8, 130.3, 129.8, 127.0. 
HRMS (ASAP+): calculated m/z for [C56H40]+ is 712.3130, found 713.3132.  
2.9.3 Crystallographic Characterization 
Data for all compounds was collected on an Agilent SuperNova diffractometer 
using mirror-monochromated Cu Kα or Mo Kα radiation. Data collection, integration, 
scaling (ABSPACK) and absorption correction (face-indexed Gaussian integration48 or 
numeric analytical methods49) were performed in CrysAlisPro.50 Structure solution was 
performed using ShelXS,51 ShelXT,52 or SuperFlip.53 Subsequent refinement was 
performed by full-matrix least-squares on F2 in ShelXL.51 Olex254 was used for viewing 
and to prepare CIF files. PLATON55 was used extensively for SQUEEZE,56 ADDSYM57 
and TwinRotMat. Many disordered solvent molecules were modeled as rigid fragments 
from the Idealized Molecular Geometry Library.58 ORTEP graphics were prepared in 
CrystalMaker.59 Thermal ellipsoids are rendered at the 50% probability level.  
A THF solution of 1-CTCT was layered with toluene. Part of a crystal (.17 x .06 
x .02 mm) was separated carefully, mounted with STP oil treatment, and cooled to 100 K 
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on the diffractometer. Complete data (99.9%) were collected to 0.833 Å. 32409 
reflections were collected. 
 
The lattice was very nearly orthorhombic, with β approximately 90.6° and clear 
signs of twinning by rotation around [100]. There were absences for 21 axes in all three 
directions, indicating a twin in P21 that very closely approximated P212121. Twin 
decomposition in CrysAlisPro and solution in P21 resulted in poor refinements with 
numerous NPD atoms. When the data were processed assuming an orthorhombic lattice, 
the structure solved easily in P212121.  
For the orthorhombic data set, there were 8679 unique data (6394 observed) with 
R(int) 12.7% and R(sigma) 11.5% after multiscan absorption correction.  
For the solution in P212121, all non-solvent C atoms were located readily in 
Fourier maps and refined anisotropically with a rigid-bond restraint on all anisotropic 
ADPs. A toluene molecule in the cavity of the macrocycle was disordered over two 
positions in a 70:30 ratio; these were refined with SAME and FLAT restraints on their 
geometry and with anisotropic ADPs for only the major component of the disorder. All 
hydrogen atoms were placed in calculated positions and refined with riding coordinates 
and ADPs.  
The final refinement (8679 data, 597 restraints, 599 parameters) converged with 
R1 (Fo > 4σ(Fo)) = 12.6%, wR2 = 28.5%, S = 1.04. The largest Fourier features were 0.51 
and -0.41 e- A-3 and are explained by deviation from strict orthorhombic symmetry. The 






Figure 2.17. Molecular structure of 1-CTCT•toluene. Hydrogen atoms and the minor position of 
the disordered toluene molecule are omitted for clarity. 
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Figure 2.18. Molecular structure of 1-CTCT. Hydrogen atoms and a disordered toluene molecule 
are omitted for clarity. 





































A DCM solution of 2-CCCC was layered with MeOH. The crystals disintegrated 
rapidly in contact with the mounting oil. A crystal was mounted successfully by cooling 
the microscope slide with dry ice and cooling the mounted crystal continuously with cold 
N2 gas. Part of a crystal (.12 x .07 x .04 mm) was separated carefully, mounted with STP 
oil treatment, and cooled to 100 K on the diffractometer. Complete data (99.7%) were 
collected to 0.815 Å. 73051 reflections were collected (8941 unique, 8090 observed) with 
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R(int) 4.6% and R(sigma) 2.2% after analytical absorption correction (Tmax .908, 
Tmin .773).  
The space group assignment was not completely obvious. There were clean 
absences for a 21 axis and weakly violated absences for a c glide (<I> 1.4 vs. 27.3 for the 
full data set). ShelXT and Superflip gave good solutions in P21/c. A refinement in P21 
was difficult and unstable, as expected for a (pseudo-)centrosymmetric structure, and this 
possibility was not explored further. 
The macrocycle was located readily in the initial solution and refined with no 
restraints. A molecule of dichloromethane outside the macrocycle was disordered over 
two independent positions that were introduced as rigid fragments from the IMGL and 
subsequently refined with SAME and RIGU restraints.   
The macrocycle crystallizes in columns aligned along the c axis, forming a 
continuous channel that is filled with disordered dichloromethane. The disorder is 
extensive and no satisfactory discrete model could be constructed. Therefore the solvent-
filled channel was treated with Platon Squeeze, which recovered 215 electrons per unit 
cell (corresponding to approximately 1.25 DCM molecules per formula unit).  
Hydrogen atoms were placed in calculated positions and refined with riding 
coordinates and ADPs. The final refinement (8941 data, 37 restraints, 560 parameters) 
converged with R1 (Fo > 4σ(Fo)) = 6.3%, wR2 = 16.1%, S = 1.13. The final R indices are 
slightly high compared to R(int) and R(sigma), which may indicate a slight deviation 







Figure 2.19. Molecular structure of 2-CCCC. Hydrogen atoms are omitted for clarity. !

































Single crystals of the platinum macrocycle 5 were grown by vapor diffusion of 
methanol into tetrachloroethane solution to afford small, colorless blocks. A small single 
crystal (.11 x .06 x .04 mm) was separated carefully, mounted with STP oil treatment, 
and cooled to 100 K on the diffractometer. Complete data (99.8%) were collected to 
0.800 Å. 110111 reflections were collected (11973 unique, 10859 observed) out to 0.72 
Å resolution but the data set was ultimately truncated to 0.800 Å resolution, with 6661 
unique data within this limit. R(int) was 5.8% and R(sigma) 3.0% after analytical 
absorption correction (Tmax .853, Tmin .674).  
The space group was assigned as P21/c based on the systematic absences. The 
structure solved readily in ShelXT with ½ macrocycle in the asymmetric unit. All non-H, 
non-solvent atoms were located rapidly in Fourier maps. The saturated C2H4 bridges of 
the two independent cyclooctadiene ligands were each disordered over two positions, 
which were located in difference maps and refined using SAME and RIGU restraints.  
The asymmetric unit contains four tetrachloroethane molecules. Two were fully 
ordered, one was disordered over two positions and refined with similarity restraints for 
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geometry and ADPs, and one was extensively disordered over multiple positions. This 
molecule was ultimately modeled as a diffuse contribution to the overall scattering using 
Platon Squeeze. The unaccounted electron density was estimated as 379 e- per unit cell (4 
C2H2Cl4 = 328 e-).  
All hydrogen atoms were placed in calculated positions and refined with riding 
coordinates and ADPs. The final refinement (6661 data, 574 restraints, 706 parameters) 
converged with R1 (Fo > 4σ(Fo)) = 3.7%, wR2 = 8.5%, S = 1.09. The largest Fourier 
features were 2.50 and -0.80 e- A-3; the large positive feature occurred near a Pt atom.  
 
 
Figure 2.20. Molecular structure of 5. Black, carbon; purple, platinum. Solvent molecules, 
hydrogen atoms and the minor positions of the disordered cod ligands are omitted for clarity.  
 


































2.9.4 NMR kinetic experiments 
Platinum complex 5 (7.20 × 10-7 mol), PPh3 (2.88 × 10-6 mol), and 1,3,5-
trimethoxybenzene (1.08 × 10-6 mol, internal standard) were dissolved in C2D2Cl4 (0.6 
mL) in a screw-capped NMR tube. The tube was heated to 90°C in the NMR probe, and 
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the decay of 6-Pt3 (Figure 2.10) and formation of product 1-CTCT (Figure 2.11) over 
time were monitored by 1H NMR spectroscopy. 
2.9.5 Photoluminescence quantum yield measurements 
We performed photoluminescence quantum yield (PLQY) measurements using 
absolute and relative methods. In the relative method, we used coumarin 1 as a reference. 
The advantages of the coumarin 1 are high QY and the good overlapping of the 
absorption and emission spectra to that of 1-CTCT and 2-CCCC. Coumarin 1 was 
dissolved in EtOH in air with the known QY of 79%.60 1 and 2 were dissolved in 
chloroform inside a nitrogen-filled glovebox. To avoid re-absorption we chose an optical 
density in the range of 0.1 to 0.2 for all solutions. The relative emission QY was 
calculated using equation61: 








where Φ, I, A, and n denotes the quantum yield, integrated PL intensity (in energy scale), 
optical density at the excitation wavelength, and reflective index, respectively. The 
abbreviations S and R refer to sample and reference, respectively. Using the above 
method we obtained relative QYs of 56 ± 6 and 55 ± 2 % for 1 and 2, respectively. The 
results were averaged from three different measurements with the excitation wavelengths 
of 340, 350 and 360 nm. The errors are the standard deviation obtained from these 
measurements. We also performed the absolute PLQY measurements. At the excitation 
of 350 nm, the QY are 63 ± 5 and 60 ± 5 % for 1 and 2, respectively. The QY results 
obtained from two methods are quantitatively in agreement. 
2.9.6 Time resolved photoluminescence (PL) decay kinetics 
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The PL decay kinetics were fitted using stretched exponential ( ) exp[ ( / ) ]I t A t
ατ= − , 
which yields τ of 3.05±0.01 ns and 0.82±0.01 ns, α of 0.75 and 0.87 for 1-CTCT and 2-
CCCC, respectively. 
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Chapter 3 Tuning Rectification in Stilbene Molecular Wires 
This chapter is based on the following manuscript: Arunabh Batra†, Pierre 
Darancet†, Qishui Chen†, Jeffrey S. Meisner, Jonathan R. Widawsky, Jeffrey B. Neaton*, 
Colin Nuckolls*, Latha Venkataraman* (†Authors contributed equally to this work), 
“Tuning Rectification in Highly Conductive Single-Molecular Diodes”, Nano Lett. 2013, 
13, 6233-6237. The single molecule conductance and current voltage measurements were 
conducted by Arunabh Batra in Professor Latha Venkataraman’s group. Theoretical work 
was conducted by Dr. Pierre Darancet in Dr. Jeffrey Neaton’s group at the Molecular 
Foundry, Lawrence Berkeley National Laboratory. 
3.1 Introduction 
 The experimental demonstration of a single-molecule diode is a first step towards 
the goal of creating functional molecular electronic devices, and has generated substantial 
interest since Aviram and Ratner first proposed their elegant design for a molecular 
rectifier.1 However, experimental realizations of this2 and other diode schemes3,4 at the 
single-molecule level have been limited by poor predictability of performance and 
extreme sensitivity to molecular design.5,6 Over the past few decades, single-molecule 
electronics has made significant progress in relating the chemical structure of molecules 
to their electronic properties.7–9 The ongoing challenge is to create higher electrical 
functionality through molecular design, thus going beyond the use of molecules as 
merely resistive elements. The earliest proposal for such a device is the Aviram-Ratner 
diode,1 which involves a donor-σ-acceptor molecule connected symmetrically to two 
metal termini. The conceptual simplicity of this design belies some fundamental 
limitations.3,6,10 First, the characteristics of such donor-acceptor diodes are very sensitive 
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to the energy level alignment of the molecular orbitals with each other, and with the 
connecting electrodes, making experimentally predictable designs difficult.11,12 Second, 
rectification in such diodes requires a σ bridge, which effectively adds a large tunnel 
barrier to the backbone and results in very large junction resistance. As a result, the few 
experiments that have demonstrated functional single-molecule diodes all have 
resistances greater than 10 MΩ.2,4,13 To date, the only experimentally realized alternatives 
to donor-acceptor type diodes have been ‘many-molecule’ devices where one linker 
group is eliminated14,15 or weakened,16,17 creating an asymmetrically contacted 
junction.18–20 These junctions do not have well defined molecular geometries and show 
low conductances, making measurements at the single-molecule scale difficult.3,20 In 
addition, experimental realizations of molecular rectifiers have so far operated at 
relatively high biases2,4 of greater than 1V. In these voltage regimes, the room-
temperature stability of single-molecule junctions becomes a limiting factor. To 
overcome these shortcomings, we have explored a new method of achieving rectification, 
using the electronic properties of molecular junctions with highly conducting covalent 
gold-carbon bonds. We demonstrate that this new family of molecular diodes exhibits 
high electrical conductance and high rectification at low bias, and can be efficiently and 
predictably tuned. 
3.2 Current-Voltage Measurements 
Our proposed rectifier design (molecule 3.1, Figure 3.1) consists of a stilbene 
molecular backbone with a single methylsulfide linker21 at the 4 position (red circle), and 
a covalent gold-carbon bond at the 4’ position (green circle), formed in-situ through the 
benzylic trimethyltin functionality.22 We measure the conductance and current-voltage 
! 63 
characteristics of this molecule in ambient, room-
temperature conditions with a scanning tunneling 
microscope (STM) in break-junction mode.23–25!
Briefly, a gold STM tip is brought into contact with a 
gold-on-mica substrate until a junction conductance 
of >5G0 (G0= 2e2/h = 77.6 µS) is measured. The tip is 
then withdrawn at a rate of 15 nm/s for 125 ms, and 
held at this displacement for 150 ms before being 
withdrawn for an additional 75 ms. During the ‘hold’ 
section, the applied voltage is ramped between ±1V, 
while current and voltage are measured simultaneously (Figure 3.2a). Due to the 
instability of molecular junctions at high bias at room temperature, many traces cannot 
sustain a stable molecular plateau during the entire ramp, making higher bias regimes 
impossible. The IV procedure is repeated tens of thousands of times, with ~1-10% of 
junctions showing a molecular conductance signature during the IV measurement. These 
selected IV traces are added together to create a two-dimensional histogram of absolute 
current against applied voltage (Figure 3.2b). 
Since junctions are equally likely to form with molecules bound in ‘forward’ or 
‘reverse’ orientations relative to the applied bias, any rectification is washed out in Figure 
3.2b. We recover the inherent asymmetry of the junction by sorting our data into two sets, 
based on the magnitude of current in a range of positive biases (+0.75 to +0.80V) and 
corresponding negative voltages (-0.75V to -0.80V). Traces that show larger (smaller) 
!
Figure 3.1. Schematic for 
molecular circuit formed by 3.1 
between two gold electrodes. A 
diode circuit element is shown to 
highlight the directional 
asymmetry of this circuit. 
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Figure 3.2 (a) Representative current, voltage, and displacement (z-position) traces for a single 
break junction measurement. The I−V ramp is applied when z is held constant. (b) Two-
dimensional histogram made up of thousands of traces similar to those shown in (a); no 
asymmetry is seen because the orientation of molecule in junction is not controlled. 
current at positive voltages than negative correspond to molecular junctions in the 
forward (reverse) orientation. 2D histograms from these sorted datasets are shown in 
Figures 3.3a (blue, forward bias) and 3.3b (orange, reverse bias). To make a quantitative 
comparison of the histograms, we fit each vertical slice of the histograms to a log-normal 
distribution and extract the maximum value of the best-fit. These values are plotted as the 
black and blue I-V curves in Figure 3.3a and 3.3b respectively, and are also shown 
overlaid in Figure 3.3c. The resulting curves represent the statistically most probable IV 
curves for this molecule. The forward bias average I-V (blue curve, Figure 3.3c) overlays 
the reverse bias I-V (black curve), which has been mirrored in the voltage axis. Both 
curves show a very linear reverse bias section and a non-linear forward bias section; the 
near-identical shape of these curves indicates that sorting recovers the inherent structure 
in the I-V curves without introducing significant bias. A similar sorting algorithm applied 
to fully symmetric molecules further confirms this conclusion: the separated 2D 
histograms for these control molecules are identical and do not show rectification (see 
Section 3.5).  
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Figure 3.3 (a) Forward bias and (b) reverse bias two-dimensional histograms recovered from 
3.2b, using trace sorting. Blue (forward) and black (reverse) line fits define average I−V curves 
from the histogram distributions. (f) Average I−V curves for d and e, overlaid with the reverse 
bias (black) curve mirrored across the vertical axis. Average rectification ratio is 1.7 at 0.85 V. 
Inset: Example traces of highly rectifying forward bias (blue) and reverse bias (orange) junctions 
with rectification ratio of 3.5 and 3.3, respectively. 
 Molecule 3.1 shows an average rectification ratio of 1.7 at an applied bias of 
0.85V (Figure 3.3c), with rectification evident from ±0.5V and increasing linearly with 
increasing bias. Other reported results from single-molecule diodes2,4 have comparable 
rectification ratios, but at much higher operational voltages. We find that the maximum 
observed rectification in selected traces can be much higher than the statistically averaged 
value, as is shown in sample traces in the inset of Figure 3.3c. More evidence for 
junction-to-junction variation of conductance characteristics can be seen in the broad 
distribution of I-V histograms, especially at high biases (Figures 3.3a and 3.3b). Such 
variability underscores the need for a statistical measure of rectification over thousands of 
measurements, to make a meaningful characterization of the high-bias properties of 
molecular junctions. Our results show that the binding orientation of a molecule in the 
junction can be ascertained on a trace-by-trace basis, and a statistical measure of 
rectification in molecules can be established despite the width of the current distributions. 
Molecule 3.1 also shows a zero-bias conductance of 5.4 x 10-3 G0, which is over 30 times 
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higher than previously reported systems;4 this suggests that this molecular design could 
be used as a basis for larger, more complex molecules (or multi-molecule circuits) that 
enhance functionality while maintaining an experimentally measurable current. 
3.3 Theoretical Model 
Next, we use ab-initio calculations to identify the mechanism behind the diode-
like properties of molecule 3.1 when in a gold junction. We perform density functional 
theory (DFT) based calculations with a gradient-corrected exchange correlation 
functional26 and a non-equilibrium Greens’ function approach27 to optimize the molecular 
geometry, the details of which have been discussed previously.22,28 The DFT optimized 
geometry for molecule 3.1 bound to gold electrodes with trimer tips agrees well with 
published geometries for symmetric gold-carbon and methylsulfide linked molecular 
backbones.22,29 Bias-dependent steady-state density matrices are then calculated self-
consistently using DFT by integration of the left- and right-moving scattering-states up to 
their respective chemical potentials, following a standard first-principles approach.30 I-V 
characteristics are calculated using the Landauer formula by integrating the bias-
dependent transmission functions T(E,V). The zero-bias transmission function for this 
junction, T(E,V=0) shown in Figure 3.4a shows a broad feature at 0.5 eV below the 
Fermi energy (EF, dashed line) on the tail of the highest occupied molecular orbital 
(HOMO) which peaks at -1.4 eV from EF. The lowest unoccupied molecular orbital 
(LUMO) is far from EF (1.8 eV) and is not important to conduction within the 
experimentally accessible bias window. Although resonance energies are expected to be 
an underestimated relative to experiment,31 we find that DFT is a sufficient level of 
theory for understanding rectification in these systems. 
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Figure 3.4 (a) DFT calculated transmission function at zero bias, T(E,V = 0) for molecule 1. The 
arrow indicates the position of eigenchannel corresponding to gold−carbon gateway state at −0.5 
eV. The dashed line at 0 eV indicates zero-bias Fermi energy for both electrodes. Inset: isosurface 
plot of the upward moving scattering for the gateway state, showing a significant contribution on 
the carbon−gold bond. (b) Transmission for molecule 3.1 as a function of applied bias of −1 V 
(light red) to +1 V (dark red) in increments of 0.5 V. Arrows point to the gateway state positions 
at each bias. The dashed line at 0 eV indicates average of left and right chemical potentials. Inset: 
I−V curve obtained by integrating T(E,V), showing a rectification ratio of 1.8 at 0.85 V. (c) 
Transmission at −1 V (dark) and +1 V (light) for analogues of molecule 1 with methylsulfide 
torsional angle θ = 0° (green) and θ = 90° (blue) compared to equilibrium geometry (red) which 
has θ = 73°. Inset: DFT-calculated rectification ratio as a function of the methylsulfide torsion 
angle. 
 An isosurface plot of the eigenchannel wavefunction at -0.5 eV (inset of Figure 
3.4a) shows a ‘gateway’ state derived from the molecular orbital on the gold-carbon bond 
that is strongly hybridized with molecular π backbone and gold electrode.22,32 A 
comparison of transmission functions under an applied bias of -1V to +1V in steps of 0.5 
V is shown in Figure 3.4b. We see that the gateway state moves with the chemical 
potential of the electrode towards EF under positive bias (dark red curve) and away from 
EF for negative bias (light red curve). At every applied bias, the gateway state is largely 
‘pinned’ to EF and moves by 75% of the shift in chemical potential of its adjacent 
electrode. This shift is not observed for intrinsic molecular resonances, such as the 
LUMO, which only shifts by 20% of the electrode potential. The high degree of 
tunability of the pinned gateway state with bias compared to intrinsic molecular orbitals 
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suggests that efficient rectification at low-bias is achieved by bringing a density of states 
into or out of the bias window. The large shift seen for the gateway state is a result of 
strong gold-carbon hybridization, which leads to a high polarizability and relatively flat 
potential profile near the gold-carbon bond under bias. The calculated I-V curve for this 
junction (inset, Figure 3.4b) is asymmetric with a rectification ratio of 1.8 at 0.85V, very 
close to the experimental value of 1.7. While the magnitude of computed current is 
somewhat overestimated (as expected from DFT-based transport calculations),28 the 
much smaller error in the position of the gateway state due to its relatively strong 
coupling to the electrodes32 leads to striking agreement between the experimental and 
theoretical rectification ratio. Our calculations indicate that rectification in molecule 3.1 
is a consequence of the gateway modulation, and suggests that higher rectification ratios 
can be achieved by tuning the response of this state to bias. 
 To explore the tunability of this molecular diode design, we develop a tight-
binding model to identify parameters that govern rectification ratio. A similar theoretical 
approach has previously been used to explain negative differential resistances in atomic 
wire junctions using carbon-nanotube electrodes.33 Our model suggests that the coupling 
between the two sides of the molecule plays an important role in the shape and high-bias 
shift of the gateway state. In particular, our model predicts that rectification ratio should 
increase as the coupling between the backbone π-system and the methylsulfide linker 
decreases. We explore the possibility of tuning the coupling by varying the carbon-sulfur-
gold torsional angle θ between the backbone π-system and the methylsulfide linker of 
molecule 3.1.34 We perform DFT calculations on two analogs of molecule 3.1, with the 
methylsulfide linker constrained parallel (θ=0o) or perpendicular (θ=90o) to the plane of 
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the stilbene backbone. Figure 3.4c compares the resulting high bias transmission 
functions, T(E,V=+1V) and T(E,V=-1V) for the three structures. All three clearly show 
the presence of a gateway state close to EF, which moves under an applied bias. The 
structure with θ=0o, which yields the highest gateway-backbone coupling, has the lowest 
rectification (1.3); in contrast, the structure with θ=90o, which has the lowest 
intramolecular coupling, exhibits a significant rectification ratio of 2.6. 
3.4 Tuning Rectification through Linker Groups 
 Having established the mechanism for rectification and a route for its 
optimization, we now design and synthesize a family of stilbene molecular wires to 
experimentally test these predictions. The methylsulfide linker in our original rectifier 
provides a convenient method of achieving this goal. The coupling of the π-system 
through the gold-sulfur donor-acceptor bond varies with their relative orientation,34 and 
control of this relative orientation should therefore result in tunable rectification.  In 
Figure 3.5a, we show two molecules with better (3.2) or worse (3.3) π-gold-sulfur 
coupling than 3.1 based on their chemical structures. The methylsulfide group in 3.2 is 
locked in-plane with the molecular backbone through the saturated six-membered ring.  
This ring orients the methylsulfide group nearly parallel to the backbone’s π-system and 
gives near maximal coupling of the gold-sulfur bond to the backbone, analogous to the 
θ=0o structure discussed earlier. Molecule 3.3 has a phenylsulfide replacing the 
methylsulfide group, which decreases the electronic coupling across the sulfide linker 





Scheme 3.1 Synthesis of 3.1-3.3.a 
 
akey: (i) KOtBu, phosphonate P1, THF, 0 oC to r.t., 64-75% yield. (ii) LiAlH4, THF, 0 oC to r.t., 
79%-86% yield. (iii) CBr4, PPh3, THF, 0 oC to r.t., 60%-67% yield. (iv) Me3SnSnMe3, n-BuLi, 
THF, -10 oC, 56%-64% yield.     
Scheme 3.1 shows the method developed to synthesize stilbenes 3.1-3.3. We start 
with the benzaldehyde with appropriate functional groups 3.4a-c, and build in the stilbene 
subunit using a Horner-Wadsworth-Emmons reaction. The phosphonate used for this 
reaction bears a benzoate functionality, which can be reduced subsequently using LiAlH4 
to give the benzyl alcohols 3.6a-c. These form the important benzylic bromide precursors 
3.7a-c from a Mitsunobu-type reaction by treating with PPh3 and CBr4. We generate the 
lithium-tin reagent in-situ by dropwise addition of n-BuLi to hexamethyldistannane, 



























Figure 3.5 (a) Chemical structures for the original molecular rectifier design (molecule 3.1), 
along with two modified designs, 3.2 and 3.3. All three structures have the same backbone and 
gateway and differ only in the geometry of the sulfide linker. (b) Log-binned conductance 
histograms for the three molecules. The decreasing conductance, 3.2 > 3.1 > 3.3, reflects the 
decreasing coupling between backbone and sulfur−gold bonds formed by the three sulfide linkers. 
(c) Scaled, statistically most probable I−V curves for the three molecules. The curves are 
calculated from log-binned 2D histograms with bin sizes and histogram ranges kept constant. All 
curves have been scaled to zero-bias conductance of molecule 3.2, with the red curve (molecule 
3.1) multiplied by 2 and the blue curve (molecule 3.3) by 4. Inset: Rectification ratio as a function 
of bias. 
 Our measurements of the conductance at zero-bias (Figure 3.5b) show that 
molecules 3.2 and 3.3 conduct higher and lower than molecule 3.1, and confirm that we 
are able to tune coupling between the backbone and gold-sulfur bond through chemical 
modifications. The scaled I-V curves for this family of molecules (Figure 3.5c) show a 
linear reverse bias regime for all three molecules, which results from a relatively flat 
transmission function within the integration window, consistent with the observation that 
the gateway is moving away from EF. On the forward bias side, the curves are all 
nonlinear, with 3.3 (blue) showing the most curvature due to the influence of a more 
prominent gateway state. For each of these curves, we determine a rectification ratio as a 
function of applied bias by dividing forward bias current with the corresponding reverse 
bias current (inset, Figure 3.5c). For all three molecules, rectification increases linearly 
with applied bias, with significant asymmetry seen as low as ±0.5V. The molecule with 
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the poorest coupling, 3.3, rectifies the most, while 3.2, with the strongest coupling 
rectifies the least. More importantly, we have demonstrated that by increasing the 
methylsulfide torsion angle, we can increase the asymmetry in the measured IV curves by 
over a factor of 3. This is experimental verification of a rationally designed family of 
rectifiers whose asymmetry can be tuned by varying a single parameter through chemical 
design. 
3.5 Control Experiments 
Molecules S3.1, S3.2 and S3.3 (Figure 3.6a) are symmetrically linked with 
methylsulfide linkers corresponding to the diodes 3.1, 3.2 and 3.3. The low-bias 
conductance histograms of the three molecules (Figure 3.6b), show that conductance of 
S3.2 > S3.1 > S3.3, similar to the trend observed in the corresponding asymmetric diodes.  
 
Figure 3.6 (a) Structures of symmetrically linked versions of rectifiers 3.1,3.2,3.3. (b) Zero-bias 
conductance histograms of molecules S3.1, S3.2, and S3.3, showing that conductance of 
S3.2>S3.1>S3.3. 
 As expected for symmetric molecules, no rectification is observed. Figure 3.7 
shows examples of I-V measurements and curve sorting for S3.2. 
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Figure 3.7 (a) Log-binned two dimensional IV curve histograms for molecule S3.2 (drawn in 
green) as measured (unsorted). The blue line is a best fit, representing the statistically most likely 
IV curve. (b) The same data as Figure S4a, now sorted by rectification direction of each trace. 
Traces showing higher current at negative biases are reflected about the y-axis. The red curve 
shows the statistically most likely IV curve after sorting. (c) Comparison of unreflected (blue) 
and reflected (red) curves for molecule S3.2 on a linear scale, showing that neither red nor blue 
curves show much rectification (<1.2 at 0.85 V), as expected for a symmetric molecule. 
 Our theoretical model indicates that rectification is achieved through the 
“gateway” state due to strong gold-carbon hybridization. The “gateway” state shows a 
very sensitive response to applied bias, whereas the intrinsic molecular orbitals shift by a 
much lesser amount. We designed a control experiment (Figure 3.8), in which S3.4 is a 
longer analog of stilbene 3.2 but is terminated by the same linker groups, therefore S3.4 
should possess the same “gateway” state as 3.2 but different HOMO and LUMO orbitals. 
Our measurements indicate that the rectification ratios of S3.4 and 3.2 are identical, 
therefore confirming our theoretical model that rectification is a consequence of gateway 
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Figure 3.8 Chemical structures and rectification ratios of molecules 3.1, 3.2, and S3.4, showing 
that under this design motif rectification is dependent on the sulfide linker and not the HOMO-
LUMO gap. 
3.6 Conclusions 
The results presented in this section introduce a new mechanism for rectification 
based on the electrostatic modulation of a gold-carbon gateway state. The relative 
simplicity of this mechanism is highlighted by the fact that rectification can be tuned 
through molecular design. The tunability of this design combined with the low 
operational voltages and high zero-bias conductances achieved can facilitate future 
designs that optimize performance with larger, more complicated chemical structures. 
More broadly, our results establish localized gateway states as a design element whose 
unique high-bias properties can be integrated into existing molecular structures to create 
new functionality. 
3.7 Experimental Details 
3.7.1 General Information 
All reactions were performed in flame-dried round bottom flasks, unless 
otherwise noted. The flasks were fitted with rubber septa and reactions were conducted 
under a positive pressure of argon, unless otherwise noted. Anhydrous solvents were 
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obtained from a Schlenk manifold with purification columns packed with activated 
alumina and supported copper catalyst (Glass Contour, Irvine, CA). Stainless steel 
syringes were used to transfer air- and moisture-sensitive liquids. Chromatography was 
performed on a Teledyne ISCO Combiflash RF using Redisep RF silica gel columns. 
The following reagents were purchased from Sigma-Aldrich: 4-
(methylthio)benzaldehyde, methyl 4-(bromomethyl)benzoate, triethyl phosphite, 3,3-
dimethylallyl bromide, polyphosphoric acid, 4-nitrobenzaldehyde, thiophenol, titanium 
tetrachloride, zinc powder, lithium aluminum hydride, potassium tert-butoxide, 
tetrabromomethane, triphenylphosphine, n-butyllithium (1.6 M in hexanes), 
hexamethyldistannane. The following reagent was purchased from Alfa Aesar: 4-
bromothiophenol. n-butyllithium was titrated with diphenylacetic acid prior to use. 
Proton nuclear magnetic resonance (1H NMR) spectra, carbon nuclear magnetic 
resonance (13C NMR) spectra, tin nuclear magnetic resonance (119Sn NMR) were 
recorded on a Bruker DRX300 (300 MHz) and Bruker DRX400 (400 MHz) 
spectrometer. Chemical shifts for protons are reported in parts per million downfield 
from tetramethylsilane and are referenced to NMR solvent (CHCl3: δ 7.26). Chemical 
shifts for carbon are reported in parts per million downfield from tetramethylsilane and 
referenced to the carbon resonances of the solvent (CDCl3: δ 77.2). Spectra were 
analyzed with MestraNova software (Version 7.1). Data are represented as follows: 
chemical shift, multiplicity (s = singlet, d = doublet, t = triplet, m = multiplet), coupling 
constants in Hertz (Hz), and integration. Mass spectroscopic data were obtained at the 
Columbia University mass spectrometry facility using a JEOL JMSHX110A/110A 
tandem mass spectrometer.  
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4,4-dimethylthiochroman-6-carbaldehyde(3.4b),35(E)-1,2-bis(4(methylthio)phenyl)ethene 
(S3.1)36 were synthesized according to reported procedure. 
3.7.2 Synthetic Procedures 
Diethyl (4-(methoxycarbonyl)benzyl)phosphonate (P1) 
 
In a 25 mL round bottom flask equipped with a reflux condenser, methyl 4-
(bromomethyl)benzoate (5g, 21.8 mmol) and triethyl phosphite (7.5 mL, 43.6 mmol) 
were stirred at 120 oC for 5 hours. Excess triethyl phosphite was then removed by 
vacuum distillation, and the phosphonate was obtained in 92% yield.  
1H NMR (400 MHz, CDCl3): δ 7.96 (d, J = 7.6 Hz, 2H), 7.35 (dd, J = 8.2, 2.4 Hz, 2H), 
3.99 (m, 4H), 3.88 (s, 3H), 3.17 (d, J = 22.0 Hz, 2H), 1.21 (t, J = 7.2 Hz, 3H). 
13C NMR (101 MHz, CDCl3): δ 166.9, 137.2 (JC-P = 9.0 Hz), 129.9, 129.8, 128.9, 62.3 
(JC-P = 7.0 Hz), 52.2, 34.1 (JC-P = 137.0 Hz), 16.4 (JC-P = 5.0 Hz). 
HRMS (FAB+): calculated for C13H19O5P 287.1048, found 287.1039. 
4-(phenylthio)benzaldehyde (3.4c) 
 
Preparation of the title compound was adapted from previously reported procedure.37  
A 50 mL round bottom flask was charged with 4-nitrobenzaldehyde (1.50 g, 9.9 mmol), 
cesium carbonate (3.88 g, 11.9 mol), and 20 mL DMSO. Thiophenol (1.2 mL, 11.9 
mmol) was added dropwise to the solution, and the reaction was stirred at room 







with dichloromethane then washed with brine. The combined organic layers were dried 
over MgSO4, filtered, and concentrated under reduced pressure. The resulting yellow oil 
was purified by flash chromatography using 10% ethyl acetate in hexanes to yield an off-
white solid (1.35 g, 66%). This compound matches the reported spectroscopic data.38 
1H NMR (400 MHz, CDCl3): δ 9.91 (s, 1H), 7.72 (dt, J = 8.4 Hz, J = 2.0 Hz, 2H), 7.52-
7.54 (m, 2H), 7.42-7.44 (m, 3H), 7.24 (dt, J = 8.4 Hz, J = 2.0 Hz, 2H). 
13C NMR (101 MHz, CDCl3): δ 191.3, 147.4, 134.5, 133.9, 131.5, 130.3, 130.0, 129.3, 
127.4. 
HRMS (FAB+): calculated for C13H10OS 214.0452, found 214.0447. 
1. General Horner-Wadsworth-Emmons (HWE) Reaction Procedure 
(E)-methyl 4-(4-(methylthio)styryl)benzoate (3.5a) 
 
The title compound was prepared by an adaptation of a previously reported procedure.39 
In a flame-dried 50 mL round bottom flask, 4-(methylthio)benzaldehyde (3.4a, 620 mg, 
3.0 mmol, 1 eq) and phosphonate P1 (1.03 g, 3.6 mmol, 1.2 eq) were dissolved 15 mL 
anhydrous THF. The solution was cooled to 0 oC, upon which potassium tert-butoxide 
(370 mg, 3.3 mmol, 1.1 eq) in 5 mL THF was added dropwise to solution. The reaction 
was then warmed to room temperature. After 2 hours, water was added, and the aqueous 
layer was extracted with dichloromethane 3 times. The organic layers were combined, 
dried with magnesium sulfate, filtered, and concentrated. The residue was purified by 




1H NMR (400 MHz, CDCl3): δ 8.02 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.45 (d, 
J = 8.4 Hz, 2H), 7.25 (d, J = 8.4 Hz, 2H), 7.17 (d, J = 16.4 Hz, 1H), 7.08 (d, J = 16.4 Hz, 
1H), 3.92 (s, 3H), 2.51 (s, 3H). 
13C NMR (101 MHz, CDCl3): δ 167.0, 142.0, 139.0, 133.8, 130.7, 130.2, 129.0, 127.3, 
127.0, 126.7, 126.4, 52.2, 15.8. 
HRMS (FAB+): calculated for C17H16O2S 284.0871, found 284.0876. 
(E)-methyl 4-(2-(4,4-dimethylthiochroman-6-yl)vinyl)benzoate (3.5b) 
 
Prepared from general procedure, using 3.4b instead of 3.4a. The product was 
recrystallized from DCM/MeOH as a white solid in 75% yield. 
1H NMR (400 MHz, CDCl3): δ 8.01 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.47 (d, 
J = 2.0 Hz, 1H), 7.26 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.15 (d, J = 16.4 Hz, 1H), 7.09 (d, 
J = 8.4 Hz, 1H), 7.03 (d, J = 16.4 Hz, 1H), 3.92 (s, 3H), 3.05 (m, 2H), 1.98 (m, 2H), 1.37 
(s, 6H). 
13C NMR (101 MHz, CDCl3): δ 167.1, 142.4, 142.3, 132.9, 132.7, 131.4, 130.12, 128.8, 
127.1, 126.3, 126.1, 125.6, 124.0, 52.2, 37.7, 33.2, 30.3, 23.4. 
HRMS (FAB+): calculated for C21H22O2S 338.1341, found 338.1342. 







Prepared from general procedure, using 3.4c instead of 3.4a. The product was 
recrystallized from THF/MeOH as a white solid in 75% yield. 
1H NMR (400 MHz, CDCl3): δ 8.02 (d, J = 8.4 Hz, 2H), 7.55 (d, J = 8.4 Hz, 2H), 7.45 (d, 
J = 8.4 Hz, 2H), 7.38-7.41 (m, 2H), 7.28-7.35 (m, 5H), 7.17 (d, J = 16.4 Hz, 1H), 7.10 (d, 
J = 16.4 Hz, 1H), 3.92 (s, 3H). 
13C NMR (101 MHz, CDCl3): δ 167.0, 141.8, 136.4, 135.6, 135.3, 131.7, 130.9, 130.5, 
130.2, 129.5, 129.1, 127.9, 127.6, 127.6, 126.5, 52.3. 
HRMS (FAB+): calculated for C22H18O2S 346.1028, found 346.1026. 
(E)-6-(4-iodostyryl)-4,4-dimethylthiochroman (3.4d) 
 
Prepared from general procedure, using 3.4b and diethyl 4-iodobenzylphosphonate. The 
product was recrystallized from ethyl acetate/methanol as a white solid in 67 % yield. 
1H NMR (400 MHz, CDCl3): δ 7.66 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 2.0 Hz, 1H), 7.21-
7.24 (m, 3H), 7.07 (d, J = 8.4 Hz, 1H), 7.04 (d, J = 16.4 Hz, 1H), 6.92 (d, J = 16.4 Hz, 
1H), 3.05 (m, 2H), 1.97 (m, 2H), 1.37 (s, 6H). 
13C NMR (101 MHz, CDCl3): δ 142.3, 137.8, 137.2, 133.0, 132.1, 129.7, 128.2, 127.1, 
126.0, 125.4, 123.9, 92.5, 37.7, 33.2, 30.3, 23.3. 
HRMS (FAB+): calculated for C19H19IS 406.0252, found 406.0251. 





The title compound was synthesized by an adaptation of a previously reported 
procedure.40 A 50 mL two-neck flask was charged with 3.4d (200 mg, 0.50 mmol), 
methyl 4-vinylbenzoate (167 mg, 1.00 mmol), phenylurea (4.0 mg, 6 mmol%), potassium 
carbonate (137 mg, 1.00 mmol), and 5 mL DMF. The suspension was sparged with 
nitrogen gas for 15 minutes, after which palladium acetate (3.3 mg, 3 mmol%) was 
added. The reaction flask was sealed with a reflux condenser and heated to 110 oC. After 
24 h, the reaction was cooled to room temperature and water was added. The mixture was 
extracted 3 times with ethyl acetate. The organic layers were combined, dried over 
MgSO4, filtered, and concentrated. The residue was purified by recrystallization in ethyl 
acetate/hexanes, yielding a yellow solid (186 mg, 86% yield). 
1H NMR (400 MHz, CDCl3): δ 8.03 (d, J = 8.4 Hz, 2H), 7.57 (d, J = 8.4 Hz, 2H), 7.49-
7.53 (m, 4H), 7.47 (d, J = 2.0 Hz, 1H), 7.20-7.24 (m, 2H), 7.00-7.15 (m, 4H), 3.93 (s, 
3H), 3.05 (m, 2H), 1.98 (m, 2H), 1.38 (s, 6H). 
13C NMR (101 MHz, CDCl3): δ 167.0, 142.3, 142.1, 137.8, 135.9, 133.4, 131.9, 131.0, 
130.2, 129.2, 129.0, 127.4, 127.3, 127.1, 126.9, 126.7, 126.4, 125.4, 123.9, 52.2, 37.8, 
33.2, 30.3, 23.4. 
HRMS (FAB+): calculated for C29H28O2S 440.1810, found 440.1813. 






A 100 mL flame-dried round bottom flask was charged with 3.5a (500 mg, 1.75 mmol). 
The white solid was fully dissolved in 20 mL THF, then cooled to 0 oC in an ice bath. 
LiAlH4 (133 mg, 3.50 mmol) in 5 mL THF, which is a gray slurry, was added dropwise 
to the solution. The reaction was then warmed to room temperature and monitored by 
TLC to determine the consumption of starting material. After 30 minutes, the conversion 
was complete by TLC. The reaction was quenched by careful, dropwise addition of 
water. The aqueous and organic layers were separated, and the aqueous layer was 
extracted twice with dichloromethane. The combined organic layers were dried with 
magnesium sulfate, filtered, and concentrated to yield an off-white solid, which was 
washed with hexanes and dried. Yield: 391 mg, 86%. 
1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.36 (d, 
J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.06 (s, 2H), 4.70 (s, 2H), 2.51 (s, 3H). 
13C NMR (101 MHz, CDCl3): δ 140.3, 138.1, 137.0, 134.4, 128.3, 127.8, 127.5, 127.0, 
126.9, 126.8, 65.3, 16.0. 
HRMS (FAB+): calculated for C16H16OS 256.0922, found 256.0927. 
(E)-(4-(2-(4,4-dimethylthiochroman-6-yl)vinyl)phenyl)methanol (3.6b) 
 
Prepared from general procedure, using 3.5b instead of 3.5a. The product was 






1H NMR (400 MHz, CDCl3): δ 7.50 (d, J = 8.4 Hz, 2H), 7.46 (d, J = 2.0 Hz, 1H), 7.35 (d, 
J = 8.4 Hz, 2H), 7.24 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.06 (d, J 
= 16.4 Hz, 1H), 7.01 (d, J = 16.4 Hz, 1H), 4.70 (s, 2H), 3.05 (m, 2H), 1.98 (m, 2H), 1.37 
(s, 6H). 
13C NMR (101 MHz, CDCl3): δ 142.3, 140.1, 137.2, 133.4, 131.7, 128.9, 127.5, 127.0, 
126.8, 126.7, 125.3, 123.8, 65.4, 37.8, 33.2, 30.3, 23.3. 
HRMS (FAB+): calculated for C20H22OS 310.1391, found 310.1397. 
(E)-(4-(4-(phenylthio)styryl)phenyl)methanol (3.6c) 
 
Prepared from general procedure, using 3.5c instead of 3.5a. The product was 
recrystallized from dichloromethane/hexanes as a white solid. Yellow solid. Yield: 82%. 
1H NMR (400 MHz, CDCl3): δ 7.51 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.36-
7.37 (m, 4H), 7.27-7.33 (m, 5H), 7.10 (d, J = 16.4 Hz, 1H), 7.06 (d, J = 16.4 Hz, 1H), 
4.71 (s, 2H). 
13C NMR (101 MHz, CDCl3): δ 140.5, 136.8, 136.3, 135.2, 131.3, 131.2, 129.4, 128.8, 
128.0, 127.6, 127.3, 127.3, 126.9, 100.1, 65.3. 








Prepared from general procedure, using 3.5d instead of 3.5a. The crude material was 
carried on to the next step without further purification. Yellow solid. Yield: 85%. 
1H NMR (400 MHz, CDCl3): δ 7.52 (d, J = 8.4 Hz, 2H), 7.46-7.50 (m, 5H), 7.37 (d, J = 
8.4 Hz, 2H), 7.24 (dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.03-7.12 (m, 5H), 4.71 (s, 2H), 3.05 
(m, 2H), 1.98 (m, 2H), 1.38 (s, 6H). 
13C NMR (101 MHz, CDCl3): δ 142.29, 140.37, 137.16, 137.04, 136.48, 133.46, 131.75, 
128.79, 128.57, 128.11, 127.55, 127.04, 126.99, 126.85, 126.82, 126.76, 125.33, 123.84, 
65.34, 37.78, 33.20, 30.33, 23.35. 
HRMS (FAB+): calculated for C28H28OS 412.5863, found 412.1877. 
3. General Procedure for Synthesis of 3.7a-3.7d 
(E)-(4-(4-(bromomethyl)styryl)phenyl)(methyl)sulfane (3.7a) 
 
In a 100 mL round bottom flask, 3.6a (256 mg, 1.00 mmol) and CBr4 (995 mg, 3.00 
mmol) were dissolved in 30 mL THF, and cooled to 0 oC in an ice bath. 
Triphenylphosphine (787 mg, 3.00 mmol) in 5 mL THF was slowly added. The reaction 
was then warmed to temperature, and a white precipitate (triphenylphosphine oxide) 
gradually forms. In 1 hour, the reaction was filtered through a celite pad, then 
concentrated to obtain a light yellow semi-solid. The residue was washed with methanol 
and filtered to obtain an off-white solid (214 mg, 67% yield). 
1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 8.4 Hz, 2H), 7.43 (d, J = 8.4 Hz, 2H), 7.38 (d, 
J = 8.4 Hz, 2H), 7.24 (d, J = 8.4 Hz, 2H), 7.08 (d, J = 16.4 Hz, 1H), 7.03 (d, J = 16.4 Hz, 




13C NMR (101 MHz, CDCl3): δ 138.4, 137.8, 137.1, 134.2, 129.6, 129.0, 127.4, 127.1, 
126.9, 126.9, 33.7, 15.9. 
HRMS (FAB+): calculated for C16H15BrS 318.0078, found 318.0085. 
(E)-6-(4-(bromomethyl)styryl)-4,4-dimethylthiochroman (3.7b) 
 
Prepared from general procedure, using 3.6b instead of 3.6a. The product was 
recrystallized from toluene/methanol as a white solid in 60% yield. 
1H NMR (400 MHz, CDCl3): δ 7.45-7.47 (m, 3H), 7.37 (d, J = 8.4 Hz, 2H), 7.24 (dd, J = 
8.4 Hz, J = 2.0 Hz, 1H), 7.08 (d, J = 8.4 Hz, 1H), 7.05 (d, J = 16.4 Hz, 1H), 7.00 (d, J = 
16.4 Hz, 1H), 4.52 (s, 2H), 3.05 (m, 2H), 1.98 (m, 2H), 1.37 (s, 6H). 
13C NMR (101 MHz, CDCl3): δ 142.3, 138.0, 136.8, 133.2, 132.0, 129.63, 129.59, 127.1, 
126.8, 126.5, 125.4, 123.9, 37.7, 33.8, 33.2, 30.3, 23.3. 
HRMS (FAB+): calculated for C20H21BrS 372.0547, found 372.0543. 
(E)-(4-(4-(bromomethyl)styryl)phenyl)(phenyl)sulfane (3.7c) 
 
Prepared from general procedure, using 3.6c instead of 3.6a. The product was 
recrystallized from toluene/methanol as a light yellow solid in 63% yield. 
1H NMR (400 MHz, CDCl3): δ 7.47 (d, J = 8.4 Hz, 2H), 7.44 (d, J = 8.4 Hz, 2H), 7.37-






13C NMR (101 MHz, CDCl3): δ 137.5, 137.3, 136.1, 135.7, 135.6, 131.4, 131.2, 129.6, 
129.4, 128.7, 128.4, 127.4, 127.4, 127.0, 33.6. 
HRMS (FAB+): calculated for C21H17BrS 380.0234, found 380.0224. 
6-((E)-4-((E)-4-(bromomethyl)styryl)styryl)-4,4-dimethylthiochroman (3.7d) 
 
Prepared from general procedure, using 3.6d instead of 3.6a. The product was 
recrystallized from toluene/methanol as a yellow solid in 86% yield. 
1H NMR (400 MHz, CDCl3): δ 7.46-7.50 (m, 7H), 7.39 (d, J = 8.4 Hz, 2H), 7.24 (dd, J = 
8.4 Hz, J = 2.0 Hz, 1H), 7.03-7.11 (m, 5H), 4.52 (s, 2H), 3.05 (m, 2H), 1.98 (m, 2H), 
1.38 (s, 6H). 
13C NMR (101 MHz, CDCl3): δ 142.29, 137.80, 137.34, 137.10, 136.28, 133.42, 131.80, 
129.62, 129.27, 128.90, 127.73, 127.07, 127.04, 126.98, 126.82, 126.79, 125.34, 123.85, 
37.77, 33.70, 33.20, 30.33, 23.34. 
HRMS (FAB+): calculated for C28H27BrS 475.1017, found 474.1029. 
4. General Procedure for Synthesis of 3.1-3.3 and S3.4 
(E)-trimethyl(4-(4-(methylthio)styryl)benzyl)stannane (3.1) 
 
Trimethylstannyllithium was prepared from hexamethyldistannane and n-BuLi adapted 






hexamethyldistannane (115 mg, 0.35 mmol) and 10 mL anhydrous THF under argon. The 
solution was cooled to -10 oC, and freshly titrated n-BuLi (1.53 M, 0.21 mL, 0.32 mmol) 
was added dropwise. After stirring for 1 h, an aliquot was quenched with benzyl bromide, 
and formation of the desired stannane was confirmed by 1H NMR. 3.7a (50 mg, 0.16 
mmol) and 2 mL THF were added to a separate flame-dried 25 mL Schlenk flask and 
cooled to -10 oC with stirring. Trimethylstannyllithium solution was cannulated dropwise 
to the cooled solution of 3.7a. The reaction was warmed to room temperature and stirred 
for 1 h, after which water was slowly added, and the mixture was extracted with 
dichloromethane 3 times. The organic layers were combined, dried with magnesium 
sulfate, filtered, and concentrated. Preparative thin layer chromatography eluting with 
hexanes: ethyl acetate: triethylamine = 9:1:0.1 yielded a light yellow solid (37 mg, 58%). 
1H NMR (400 MHz, CDCl3): δ 7.41 (d, J = 8.4 Hz, 2H), 7.34 (d, J = 8.4 Hz, 2H), 7.23 (d, 
J = 8.4 Hz, 2H), 7.02 (d, J = 16.4 Hz, 1H), 6.96 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 16.4 Hz, 
1H), 2.50 (s, 3H), 2.33 (m, 2H), 0.06 (m, 9H).  
13C NMR (101 MHz, CDCl3): δ 143.3, 137.3, 135.0, 132.5, 128.5, 127.2, 127.0, 126.8, 
126.7, 126.1, 20.5, 16.1, -9.8. 
119Sn NMR (112 MHz, CDCl3): δ 5.26. 





Prepared from general procedure, using 3.7b instead of 3.7a. The product was purified by 
preparative thin layer chromatography eluting with hexanes: ethyl acetate: triethylamine 
= 9:1:0.1 to yield a light yellow solid. Yield: 64%. 
1H NMR (400 MHz, CDCl3): δ 7.43 (d, J = 2.0 Hz, 1H), 7.33 (d, J = 8.4 Hz, 2H), 7.20 
(dd, J = 8.4 Hz, J = 2.0 Hz, 1H), 7.05 (d, J = 8.4 Hz, 1H), 6.95-6.97 (m, 4H), 3.04 (m, 
2H), 2.33 (m, 2H), 1.97 (m, 2H), 1.37 (s, 6H), 0.06 (m, 9H). 
13C NMR (101 MHz, CDCl3): δ 143.0, 142.2, 134.0, 132.7, 131.0, 127.5, 127.2, 127.0, 
126.8, 126.6, 125.1, 123.7, 37.9, 33.2, 30.4, 23.3, 20.5, -9.8. 
119Sn NMR (112 MHz, CDCl3): δ 4.99. 
HRMS (FAB+): calculated for C23H30S116Sn 454.1090, found 454.1091. 
(E)-trimethyl(4-(4-(phenylthio)styryl)benzyl)stannane (3.3) 
 
Prepared from general procedure, using 3.7c instead of 3.7a. The product was purified by 
preparative thin layer chromatography eluting with hexanes: ethyl acetate: triethylamine 
= 9:1:0.1 to yield a light yellow solid. Yield: 56%. 
1H NMR (400 MHz, CDCl3): δ 7.42 (d, J = 8.4 Hz, 2H), 7.28-7.36 (m, 8H), 7.23-7.24 (m, 
1H), 7.05 (d, J = 16.4 Hz, 1H), 6.97 (d, J = 8.4 Hz, 2H), 6.96 (d, J = 16.4 Hz, 1H), 2.33 
(m, 2H), 0.06 (m, 9H). 
13C NMR (101 MHz, CDCl3): δ 143.6, 137.0, 136.2, 134.2, 132.3, 131.7, 130.9, 129.5, 
129.3, 127.2, 127.1, 127.1, 126.8, 125.8, 20.6, -9.8. 
119Sn NMR (112 MHz, CDCl3): δ 5.49. 







Prepared from general procedure, using 3.7d instead of 3.7a. The product was purified by 
preparative thin layer chromatography eluting with hexanes: ethyl acetate: triethylamine 
= 9:1:0.1 to yield a yellow solid. Yield: 73%. 
1H NMR (400 MHz, CDCl3): δ 7.46-7.48 (m, 5H), 7.36 (d, J = 8.4 Hz, 2H), 7.24 (dd, J = 
8.4 Hz, J = 2.0 Hz, 1H), 6.96-7.10 (m, 7H), 3.05 (m, 2H), 2.34 (m, 2H), 1.98 (m, 2H), 
1.38 (s, 6H), 0.07 (m, 9H). 
13C NMR (101 MHz, CDCl3): δ 143.40, 142.27, 137.06, 136.63, 133.58, 132.54, 131.60, 
128.79, 128.46, 127.22, 127.03, 126.99, 126.78, 126.77, 126.73, 126.39, 125.29, 123.83, 
37.81, 33.21, 30.33, 23.35, 20.57, -9.81. 
119Sn NMR (112 MHz, CDCl3): δ 5.32. 
HRMS (FAB+): calculated for C31H36S116Sn 556.1555, found 556.1566. 
5. General McMurry Reaction Procedure 
(E)-1,2-bis(4,4-dimethylthiochroman-6-yl)ethene (S3.2) 
 
The title compound was synthesized by an adaptation of a previously reported 






mg, 6.00 mmol) and 20 mL anhydrous THF. The suspension was cooled to -0 oC, and 
titanium tetrachloride (3.00 mmol, 0.33 mL) was added dropwise. The flask was sealed 
with a reflux condenser and heated to reflux for 90 minutes, during which the solution 
was observed to darken. This mixture was then cooled in an ice bath to -0 oC, and 4b 
(2.00 mmol, 413 mg) in 10 mL anhydrous THF was added dropwise. The reaction was 
heated to reflux for 12 h. After cooling to room temperature, the mixture was slowly 
poured into 20 mL saturated sodium bicarbonate solution and stirred for 2 h. The aqueous 
and organic layers were separated, and the aqueous layer was extracted with ethyl 
acetate. The organic layers were combined, dried with magnesium sulfate, filtered, and 
concentrated. The residue was purified by recrystallization in THF/MeOH, yielding a 
white solid (183 mg, 48% yield). 
1H NMR (400 MHz, CDCl3): δ 7.44 (d, J = 2.0 Hz, 2H), 7.22 (dd, J = 8.4 Hz, J = 2.0 Hz, 
2H), 7.06 (d, J = 8.4 Hz, 2H), 6.95 (s, 2H), 3.05 (m, 4H), 1.98 (m, 4H), 1.37 (s, 12H). 
13C NMR (101 MHz, CDCl3): δ 142.2, 133.7, 131.2, 127.3, 127.0, 125.1, 123.7, 37.8, 
33.2, 30.3, 23.3. 
HRMS (FAB+): calculated for C24H28S2 380.1632, found 380.1648. 
(E)-1,2-bis(4-(phenylthio)phenyl)ethene (S3.3) 
 
Prepared from general procedure, using 4c instead of 4b. The product was recrystallized 
from THF/MeOH as a white solid in 39% yield. 







13C NMR (101 MHz, CDCl3): δ 136.15, 135.71, 135.48, 131.33, 131.25, 129.40, 128.30, 
127.36, 127.33. 
HRMS (FAB+): calculated for C26H20S2 396.1006, found 396.1017. 
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Chapter 4 Singlet Fission in Oligoenes and Donor-Acceptor Systems 
Sections 4.1-4.6 in this chapter are based on the following manuscript: M. Tuan 
Trinh, Yu Zhong, Qishui Chen, Theanne Schiros, Steffen Jockusch, Matthew Y. Sfeir, 
Michael Steigerwald, Colin Nuckolls*, and Xiaoyang Zhu*, “Intra- to Intermolecular 
Singlet Fission”, J. Phys. Chem. C 2015, 119, 1312-1319. The compounds were 
synthesized by myself and Dr. Jeffrey Meisner. The transient absorption and data analysis 
were performed by Dr. M. Tuan Trinh in Prof. Xiaoyang Zhu’s group. The triplet 
sensitization and phosphorescence spectra were collected by Yu Zhong and Dr. Steffen 
Jockusch. The grazing incidence X-ray diffraction (GIXD) experiments were conducted 
by Dr. Theanne Schiros. In Section 4.8, the compounds were synthesized by myself, Dr. 
Fay Ng, Dr. Bharat Kumar, and Nate Schuster; TA measurements were assisted by 
Xiaoxi Wu in Prof. Xiaoyang Zhu’s group. 
4.1 Introduction 
 An optically excited singlet state is converted into two triplet states in the energy 
and spin-allowed singlet fission process.1,2 Singlet fission was discovered 50 years ago,3,4 
and recent surges in research activities5–11 are driven by exciting prospects in 
optoelectronic applications, such as photo-detectors and solar cells.12–15 In photovoltaics, 
the power conversion efficiency of a conventional single-junction solar cell is constrained 
theoretically by the Shockley-Queisser limit of ~31% due in a large part to the loss of 
excess photon energy above the semiconductor bandgap.16 When a singlet fission 
material absorbing at high photon energies is used in conjunction with a lower bandgap 
semiconductor, the theoretical power conversion efficiency can be increased to 44%.17,18 
Singlet fission materials can also be used to increase the quantum efficiency of 
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photodetectors from the conventional limit of 100% to 200%.12 A major obstacle to the 
realization of these potentials is the absence of a large toolbox of singlet fission materials 
from which engineers can make judicious choices in device fabrication.  
In most molecular systems studied to date,1–11 singlet fission has been attributed to an 
inter-molecular mechanism in which the optically excited singlet state (S) on one 
molecule couples with neighboring molecules to form an intermolecular triplet pair, i.e., a 
bi-exciton (BE), also called a multi-exciton (ME). The BE in the solid state or an excimer 
in the solution19 can diffuse apart or form two individual triplets (2xT1). Such an inter-
molecular mechanism is believed to be responsible for efficient singlet fission in 
crystalline solids or aggregates of tetracene,7,20–22 pentacene,8,11,23 1,3-
diphenylisobenzofuran,9 rubrene,24,25 carotenoids,10 and perylenediimide.26 Theoretical 
studies point to the essential role of inter-molecular charge transfer (CT) states in 
mediating the electronic coupling between S and BE.5,27–32 
4.2 Oligoenes: A Model System 
 Intra-molecular singlet fission, in which the BE and 2xT1 states are located on the 
same molecule, has been suggested for isolated polymers, including poly- or oligoenes.33–
38 From the point of view of creating robust design 
principles, intra-molecular singlet fission is 
particularly attractive. The critically important 
electronic coupling between S and BE (with or 
without CT intermediates) can be more easily 
designed and controlled within a single molecule 
than between molecules. A potential disadvantage 
!
Figure 4.1. Structures of DPDCn (n = 
3-11) molecules.  
!
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with intra-molecular fission is that the triplet pair confined to the same molecule can 
easily annihilate (back to the singlet and then ground state), resulting in a short lifetime of 
the triplet pair and limiting the charge extraction time window. One may envision an 
“ideal” mechanism where strong S/CT/BE coupling leads to the ultrafast formation of the 
intra-molecular BE state, while inter-molecular electronic interaction efficiently separates 
the triplet pair between neighboring molecules. Here we report the discovery of such an 
intra- to inter-molecular singlet fission mechanism in the model system of modified 
oligoenes, α,ω-diphenyl-µ,ν-dicyano-oligoenes (DPDCs).39  
We choose DPDC molecules (Fig. 4.1) for several reasons. A unique feature of 
oligoenes and similar carotenoid molecules is the presence of triplet pair states (TT), also 
called excited covalent states, as suggested in theoretical studies.40–42 The lowest singlet 
state in oligoenes is the “dark” S1 state, which is formed on sub-ps time scales from the 
relaxation of the optically bright S2 state. While the S1 state can be considered as a 
doubly excited  TT state, the binding energy between these two closely interacting triplets 
is too high (> 1 eV)40–42 to permit their separation into two individual triplets; as a result, 
S1 is only known to undergo non-radiative relaxation to S0.36–38 However, there is another 
well-known dark state S*,43 which is energetically between S1 and S2 and has been 
proposed as intermediate for intra-molecular singlet fission.36,37 While the exact nature of 
S* is still under debate,43 an interesting interpretation is that S* is a geometrically twisted 
conformation of the TT state.44,45 The presence of twist is expected to significantly 
weaken the coupling between the two triplets, permitting their separation. Our findings 
shown below suggest that triplet pair (TT) may be interpreted as S* which can split into 
two triplets on two adjacent molecules. 
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One limitation of naturally occurring carotenoids is the presence of side-chain 
methyl groups that may distort the planar conjugated oligoene structure, reduce the extent 
of conjugation, and prevent inter-molecular close-packing. The DPDC molecules are 
designed to overcome these limitations.39 The addition of the two cyano (–CN) groups 
planarizes the oligoene backbone, making inter-molecular close packing feasible and the 
extent of π-electron delocalization (thus, the optical gap) easily tunable with molecular 
length. The –CN groups are strong π-electron withdrawing39 and may introduce CT 
characters to the S2 state, potentially facilitate intra-molecular BE formation. Singlet 
fission has also been reported recently for solid films of a related molecule, 
diphenylhexatriene.46  
 
Figure 4.2. Absorption spectra of DPDCn with different number of π-bonds (n = 3, 5, 7, 9, 11) in 
a toluene solution (a) and in solid thin film (b). (c) Calculated S2 (blue dots) and T1 (red dots) 
excitation energies as a function of n from TD-DFT. The open circles are from the lowest energy 
peak positions in panel A; the open squares is from the lowest energy peak in phosphorescence 
spectrum from DPDC7 thin film. (d) The energy barrier for singlet fission, ΔESF = 2ET1 – ES2, 
from the TD-DFT results in panel (b). 
Fig. 4.2a shows the solution phase absorption spectra of DPDCn (n = 3-11, the 
number of π-bonds in the oligoene backbone, Figure 4.1). The peak absorption 
! 97 
wavelength increases systematically with n.  Each absorption spectrum shows vibronic 
structure. We take the lowest energy peak (0-0 transition) in each as the optical gap and 
plot this as a function of n in Fig. 4.2c (open circles). The experimental transition 
energies are in excellent agreement with calculations from time-dependent density 
functional theory (TD-DFT, blue dots and line, detailed in Section 4.9) for vertical 
excitation to the first dipole-allowed singlet (S2). Also shown in Fig. 4.2c are the 
calculated triplet (T1) energies (red dots and line), along with one experimental value 
(open square) obtained from phosphorescence of DPDC7 thin films. In comparison to 
previous reports, the S2 transition energies of DPDCn are in good agreement with those of 
diphenylpolyenes.47–49 Interestingly, the T1 energies of DPDCn are lower than 
diphenylpolyenes or other polyenes. For example, our measured T1 energies of DPDC5, 
DPDC7, DPDC9 are 1.34, 1.27, and 1.24 eV, respectively, while that of all trans retinal is 
1.7 eV.48 We attribute the difference to the stabilization of T1 by the –CN electron 
withdrawing groups. With our calculated S2 and T1 energies, we obtain the 
endoenergicity for singlet fission: ΔESF = 2ET1 – ES2, shown Fig. 4.2d. The singlet fission 
energy barrier (0.15 eV) is the smallest for DPDC7. 
Fig. 4.2b shows absorption spectra of solid thin films of the DPDCn molecules. 
We observe a significant broadening of the absorption peak in the solid film as compared 
to the corresponding spectrum in the solution. While the trend of decreasing optical gap 
with increasing n and the presence of vibronic progression are still observed in the solid 
film for n = 3-7, the spectra of n = 9 & 11 are broader and show no clear vibronic features. 
The latter results from a lack of crystallinity in these solid films, vide infra. For DPDC7 
thin film, the T1 energy is 1.27 eV from phosphorescence (see Figure 4.4b and Section 
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4.9) and the S2 state (lowest energy peak in the green spectrum in Fig. 4.2b) is ~2.34 eV; 
this gives an energy barrier for singlet fission of ΔESF ≈ 0.2 eV. 
4.3 Transient Absorption 
 We use transient absorption (TA) spectroscopy (detailed in Section 4.9) to probe 
singlet fission. Fig. 4.3a shows pseudo-color (-ΔT/T) plots of TA spectra for DPDC7 
molecules in acetonitrile solution as functions of probe wavelength and pump-probe 
delay time. In the experiment, the pump pulse at 450 nm excites the DPDC7 molecules to 
the first optically bright state (S2); after a controlled time delay (Δt), a white-light probe 
pulse follows the dynamics from the time-dependent ground state bleaching (GB) and 
excited state absorption (ESA).  
 The TA spectra (Fig. 4.3a) consist of GB at ≤ 500 nm and ESA in three spectral 
regions that are very similar to those from the extensively studied carotenoids and related 
molecules.43 In carotenoids, the ESA from S2 lies in the near-IR range of ~800-1100 
nm,43,50,51 while ESA peaks of S* and S1 are in the visible range of ~500-700 nm with S* 
on the blue side of S1.36,43 In Fig. 4.3a, we assign the short-lived ESA peak at ≥ 850 nm to 
the initially populated S2 state; it rises with the laser pulse and decays in ≤0.5 ps.  We 
assign the intense peak at ~560 nm and a weak overlapping peak at ~650 nm to the BE or 
dark S* and S1 states, respectively. Fig. 4.3b compares three TA spectra (at pump-probe 
delays: Δt = 0.0, 0.4 ps, and 1.8 ps) with a spectrum of T1 obtained from sensitization 
(circles, see Figure 4.14 in Section 4.9). The BE peak is similar to and slightly red-shifted 
(by ~30 nm) from the T1 peak; in contrast, S1 is ≥100 nm red-shifted from T1. This 
supports the notion that S* is a triplet pair state with characteristics of two individual 
triplets,36,37,43 e.g., due to the proposed twisting which weakens electronic coupling of the 
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triplet pair.44,45 The strongest support for the triplet pair, 1(TT), interpretation comes from 
results below for solid DPDC7 film where BE is shown to further split into two triplets on 
adjacent molecules.  Fig. 4.3c shows kinetic profiles at indicated probe wavelengths 
(vertical cuts from Fig. 4.3a). As expected, the formation of S2 is concurrent with the 
bleach of S0 within experimental resolution, as determined by the laser pulse and the 
thickness of the sample cuvette. In contrast, the formation of either BE or S1 is delayed 
by ~0.5 ps, suggesting that both come from the relaxation of the optically bright S2 state. 
The S2 decay dynamics is complex, with an initial non-exponential decay in < 0.5 ps, 
with ~1/4 of the residual signal on longer time scales. This complex dynamics can be 
attributed to the inter-conversion between S2 and BE. This is most obvious in Fig. 4.3d: 
on the longer time scale, the dominant species, BE, decays with a lifetime of 40 ± 4 ps, 
matching that of ground state recovery. On this time scale, the weaker S2 and S1 signals 
exactly track that of BE.  This can be accounted for by the inter-conversion between S2 
and BE; both can decay to S1 and, finally, to S0. Supporting this, we note that the 40 ps 
lifetime of BE is 5-6 orders magnitude shorter than the µs lifetime of a single triplet 
obtained in sensitization experiment (see Figure 4.14). We attribute the much shorter 
lifetime of BE, i.e., a strongly correlated triplet pair, to their easy annihilation to re-form 
S2. Although BE is the dominant species following the initial optical excitation of S2. We 
conclude that intramolecular singlet fission takes place in DPDC7 in solution with the 
fission yield of 160%. The fission yield was determined based on the bleaching 




Figure 4.3. Transient absorption for DPDC7 in solution. (a) 2D pseudo-color (-ΔT/T) plots of TA 
spectra as functions of probe wavelength and pump-probe delay (Δt). The pump laser wavelength 
was 450 nm. The missing data points around 800 nm was due to saturation caused by high probe 
intensity. The ESA for BE, S1, and S2 are indicated. (b) TA spectra at different pump-probe 
delays. Open circles are the triplet induced absorption obtained via sensitization (see SI). (c) & 
(d) Kinetic profiles for S2 probed at 860 nm (red), S1 at 700 nm (green), BE at 580 nm (blue), and 
bleaching at 493 nm (light blue, scaled by factor -1). The dotted curve is the instrument response.!
4.4 Intra- to Intermolecular Singlet Fission 
We now turn to DPDC7 solid thin film and establish the successful separation of 
the intra-molecular triplet pair (S*) into inter-molecular triplets, i.e., singlet fission.  Fig. 
4.4a shows 2D pseudo-color plot of TA spectra from a DPDC7 thin film. We see three 
major changes from the solution spectra: i) the GB and ESA peaks are all red-shifted in 
the solid state; and ii) the ESA peak assigned to S* decays on time scales more than one 
order of magnitude shorter than that in the solution spectra; iii) in contrast to ESA, the 
GB signal is much longer lived and extends to well beyond nanoseconds. The long 
lifetime of bleaching signal is consistent with the formation of triplets (T1), as is 
unambiguously verified by phosphorescence emission Fig. 4.4b at ~1000 nm (two peaks 
at 950 nm & 1055 nm). The phosphorescence signal decays with a time constant of ~15 
µs (inset in Fig. 4.4b). 
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The presence of much longer-lived triplets only in the solid film, not in the 
solution phase, is signature of inter-molecular singlet fission reported for most molecular 
solids/aggregates.7–11,19–23 Inter-system crossing from S2 to the low-lying T1 should occur 
slower and similarly in both solution and solid film, in contrast to results presented here, 
and is excluded. We also exclude thermal artifact which might result in long living 
signal,22,52 as the observed GB dynamics is independent of laser power and substrates. 
 
Figure 4.4. Transient absorption and phosphorescence for DPDC7 film. (a) 2D pseudo-color (-
ΔT/T) spectra as functions of probe wavelength and pump-probe delay time. The pump laser 
wavelength was 450 nm. The ESA for BE, S1, and S2 are indicated. (b) Phosphorescence 
spectrum at 77K, with excitation at 335 nm. The decay dynamics (insert) at 1000 nm can be 
approximated by a single-exponential lifetime of 15 µs. (c) ESA dynamics for BE + S1 at 630 nm, 
S1 at 765 nm, and S2 at 1020 nm. (d) A comparison of ESA at 630 nm (blue squares) and 765 nm 
(red circles), left axis and GB at 555 nm (green circles), right axis as function of pump-probe 
delay. The solid grey curve is a bi-exponential fit to ESA signal and the dashed black curve is 
from the kinetic model.!
 Fig. 4.4c shows ESA kinetic profiles at 630, 765, and 1020 nm from the DPDC7 
thin film. The initial excitation creates the optically bright S2 state (olive triangles and 
line) and subsequently decays on ultrafast time scales into BE and S1 states. While the 
signal at 765 nm is S1, that at 630 nm represents a mixture of BE and S1 (from global 
fitting analysis53). Within the limited time resolution (~100 fs), BE seems to be formed 
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on a faster time scale than S1 is. On longer time scales (ps), S2, BE, S1 show similar decay 
dynamics that can be attributed to the inter-conversion between S2 and BE and the decay 
of both via S1 to S0, similar to that of solution phase. Note that the relaxation via the 
S2!S1!S0 channel is one of the two decay channels available to BE. The second decay 
channel is singlet fission, i.e., the splitting of the intra-molecular triplet pair into two 
triplets on adjacent molecules.  
The most critical evidence for the intra- to inter-molecular singlet fission 
mechanisms comes from ground state bleaching. Fig. 4.4d compares the time profiles of 
GB (right axis) for S0 at 555 nm (green circles,) and ESA (left axis) for S1 at 765 nm (red 
circles) and S1+BE at 630 nm (blue squares). The decay in S1 at 765 nm is not single 
exponential; a bi-exponential fit (grey curve) gives a fast component (75 %) with lifetime 
of 2.5 ± 0.5 ps and a slow component (25 %) with lifetime of 20 ± 5 ps. The fast S1 decay 
matches exactly the recovery of S0 on the same time scale, as expected from S1 being the 
intermediate for excited state decay. After the initial recovery on the 2.5 ps time scale, the 
magnitude of GB increases again with a time constant of ~30 ps, which closely follows 
the decay of BE. We take this as evidence for inter-molecular singlet fission. The 
separation of a triplet pair, BE, localized on one molecule to two uncorrelated triplets on 
two molecules increases the number of bleached molecules seen by the probe laser pulse. 
The proposed mechanism for singlet fission in the DPDC7 solid film, in 
comparison to the photophysical process in solution, is summarized in Scheme 4.1. Initial 
excitation creates the optically bright S2. In solution phase, the dark BE [= 1(TT)] and S1 
states are formed on the ultrafast time scale from S2. S1 decays to the ground S0 state in 
~1 ps. The dynamic equilibrium between S2 and BE, combined with the ultrafast 
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S2!S1!S0 decay channel, results in an effective S2 
lifetime of 40 ± 4 ps. For the solid film, in addition to 
the decay dynamics for individual DPDC molecules 
in the solution, BE can undergo inter-molecular triplet 
transfer, i.e., singlet fission, on the competitive time 
scale of 30 ps.  These time constants are obtained 
from global fitting. We emphasize that the 15 µs 
lifetime of the T1 state after inter-molecular triplet 
pair separation is 5-6 orders of magnitude longer than 
the 40 ps lifetime of the intra-molecular triplet pair, 
despite the fact that the annihilation of two T1 back to 
the BE and S2 is energetically favorable. This 
illustrates an advantage of the intra- to inter-
molecular singlet fission mechanism, in which the 
spatial separation of 1(TT) to 2xT1 slows down the 
reverse of the singlet fission process. A long T1 
lifetime is desirable for the harvesting of triplets in solar cells or other optoelectronic 
devices. The intra- to inter-molecular singlet fission mechanism in Scheme 4.1 is likely 
responsible for singlet fission in the aggregates, but not in the solution, of zeaxanthin (a 
carotenoid analog) reported by Wang and Tauber.10  
4.5 Factors that Influence Singlet Fission Yield 
Since the energetics for singlet fission depends on the conjugation length of the 
DPDCn molecules, we expect the singlet fission yield to also depend on n, as shown in 
Scheme 4.1. Summary of 
DPDC7 photophysics in the 
solution (upper) and solid thin 
film (lower)a!
!
aIn the lower panel, blue and 
red represent two different 
DPDC7 molecules. The solid 
arrows represent optical exciton 
and dashed arrows for 
subsequent dynamics.!
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Fig. 4.5a (see Figure 4.16 for TA spectra for n = 3-11). The negligible singlet fission 
yield in DPDC3 can be attributed to the large energy barrier (ΔESF ~ 0.6 eV, Fig. 4.2d). 
As expected from ΔESF, the singlet fission yield first increases with n, maximizes for n = 
7, and decreases again for n = 9 and 11. Interestingly, theory predicts that ΔESF for n = 9 
or  
 
Figure 4.5. Singlet fission yield as function of n. The excitation wavelengths are 320 nm (n = 3); 
420 nm (n = 5); 450 and 490 nm (n = 7); 500 nm (n = 9); and 525 nm (n = 11). The red line 
corresponds to the energy barrier of singlet fission.!
11 is only slightly higher than that for n = 7, but the singlet fission yield decreases 
significantly from ~70% for DPDC7 to 35% and 18% for DPDC9 and DPDC11, 
respectively. The singlet fission yields here are a net result of intra-molecular triplet pair 
(BE) formation and inter- molecular triplet pair splitting. While BE formation is an 
inherent property of the molecules, the separation of the triplet pair must compete with 
the relaxation of BE to S0 and the rate depends on the intermolecular coupling and, thus, 
crystallinity of the solid. As shown by grazing incidence X-ray diffraction (GIXD) 
images, the DPDCn films are highly crystalline for n ≤ 7, but amorphous for n ≥ 9 (see 
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crystallinity in DPDC9 and DPDC11 films leads to weaker inter-molecular electronic 
interaction and slower rates of intra- to inter-molecular BE!2xT1 transition. 
4.6 Conclusions 
 While the mechanism established here comes from analysis of singlet fission in 
DPDC molecules, oligoenes or polyenes may not be the best candidates for highly 
efficient singlet fission due to endothermic process and the S1!S0 loss channel. 
However, the intra- to inter-molecular singlet fission should be of general significance to 
other potential candidates where an intra-molecular biexciton may split into an inter-
molecular triplet pair. This mechanism suggests a new design principle for singlet fission: 
intra-molecular electronic structure for the efficient formation of an intra-molecular 
triplet pair (i.e., bi-exciton) upon optical excitation and inter-molecular electronic 
interaction for the separation (fission) of the bi-exciton state into two individual triplets 
on adjacent molecules. For intra-molecular design, we note that the BE peak intensity 
dominates over that of S1 in DPDC7 (Fig. 4.3a), while previous TA studies on carotenoids 
showed similar S* which was suggested as triplet pair state and S1 intensities.36,43 The 
propensity in DPDCn to preferentially form BE over S1 may be attributed to the two 
electron withdrawing groups (-CN) that introduce CT character to the optically excited 
state and assist the localization of triplets. This issue deserves high-level theoretical 
investigation. For inter-molecular design, we point out the need for sufficient HOMO-
HOMO and LUMO-LUMO coupling to facilitate inter-molecular triplet transfer, i.e., 
efficient Dexter energy transfer.54 Such design criteria are different than those outlined 
for inter-molecular triplet pair formation, where balanced HOMO-HOMO, LUMO-
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LUMO, and HOMO-LUMO couplings are needed for efficient inter-molecular singlet 
fission.1,2  
4.7 Studies on Functionalized Oligoene Derivatives 
 Our studies on the parent family of DPDC oligoenes, detailed in sections 4.2-4.6, 
indicate that more potential arises for this series in terms of tuning energy level alignment 
and intermolecular packing. Both can be realized through end group functionalization of 
oligoenes, which is easily achieved due to their modular synthesis (see Scheme 1.3, in 
Section 1.4). In this section, we detail our efforts in performing DFT calculations on 
some promising derivatives, as well as preliminary results from transient absorption 
spectroscopy. 
 As shown in Figure 4.6a, DPDC5 packs in an edge-on fashion while DPDC7 
stacks cofacially. Both theoretical and experimental studies1 suggest that the slip-stacked 
geometry is most favorable for efficient singlet fission, which could be another factor that 
contributes to the higher singlet fission yield observed in DPDC7. We synthesized a 
family of triisopropylsilyl acetylene (TIPS) terminated DPDC oligoenes (Figure 4.6b). 
The large TIPS group can direct the packing of the oligoene backbone, which is evident 
in Figures 4.6c-e showing that all three derivatives in the length series back in a similar 
slip-stacked fashion. It is also worth noting that addition of the TIPS groups increases the 
crystallinity of the system - not only were all the single crystals easily grown, the TIPS 
derivatives readily formed highly crystalline films upon either drop-casting or slow 
evaporation. This will provide an excellent platform to study the effects of solely energy 
level alignment on singlet fission yield, where the other parameters such as 
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intermolecular packing geometry and film crystallinity are kept constant. This work is 
still under progress. 
 
Figure 4.6. Controlling intermolecular packing through end-group functionalization. (a) Packing 
structures of DPDC5 and DPDC7. (b) Chemical structures of DPDC3-TIPS, DPDC5-TIPS, and 
DPDC7-TIPS. Intermolecular packing of (c) DPDC3-TIPS, (d) DPDC5-TIPS, and (e) DPDC7-
TIPS from single crystal X-ray analysis, showing that all three derivatives pack in a slip-stacked 
geoemetry. 
 Previously, our group has shown that the carboxylic acid derivative DPDC5-
COOH forms a cocrystalline assembly with DMF through hydrogen bonding (Figure 
4.7a). We extend this concept of a hydrogen-bonding network to a family of amide 
terminated oligoenes (DPDC-amide, Figure 4.7b). From comparisons of their UV-Vis 
spectra in film and solution (Figures 4.7c&d), we observe a blue-shift of 25nm, 46nm, 
and 57 nm, respectively, for DPDC3,5,7-amide when comparing their absorption 
maximum peaks. This is in contrast to the parent DPDC family, where the film 
absorptions are red-shifted compared to solution (Figure 4.2a&b). This difference is 
significant because the blue-shift indicates that the DPDC-amide series form H-
aggregates, whereas the DPDC family form J-aggregates.55 Previous studies10,56 of 
Tauber, et al. on carotenoids suggest that H-aggregates are more favorable for singlet 
fission compared to J-aggregates of the same compound. 
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Figure 4.7. Directing intermolecular interactions through hydrogen bonding. (a) Co-crystalline 
assembly of DPDC5-COOH·DMF. (b) Chemical structures of DPDCn-amide (n=3,5,7). UV-Vis 
absorption of DPDC-amide in (c) solution and (d) film. 
 From TD-DFT calculations, we can compare the singlet fission energies of 
DPDC-amide to the parent DPDCs (Figure 4.8d). They follow the same trend as DPDCs, 
but are slightly less favorable (more endothermic) in terms of energy level alignment. 
The TA spectra for DPDC-amide series are shown in Figures 4.8a-c, and the relatively 
low quality of the data is due to the poor quality of films. Despite the lack of high quality 
samples, we observe a long lifetime bleaching signal, similar to what is found in DPDCs. 
However, in order to accurately compare the singlet fission yields, higher quality films 
must be prepared, which we are optimizing through different solvent choice as well as 
side chain modification of the DPDC-amide series. 
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Figure 4.8. Transient absorption for films of (a) DPDC3-amide, (b) DPDC5-amide, and (c) 
DPDC7-amide. (d) Comparison of the energy barrier for singlet fission for DPDC-amide and 
DPDC, from TD-DFT calculations. Pump laser wavelength was 350nm. 
 Finally, we tuned the energy level alignment through end-group functionalization, 
either through an electronic “effect (Figure 4.9a) or by replacing the phenyl end group 
with other heterocycles (Figure 4.9b). The singlet fission energies are shown in Figures 
4.9c-d. Both the “push-pull” and “pull-pull” systems, in which electron donating NMe2 
groups and electron withdrawing CN groups are installed, are less favorable than the 
original DPDC series. However, the “push-pull” system might be interesting to study as 
the charge transfer effect to the cyano groups on the molecular backbone is stronger, 
which could favor the formation of the BE state discussed in Sections 4.1-4.6. 
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Figure 4.9. Tuning energy level alignment through end group functionalization. (a) Structures of 
dimethylamino and cyano terminated DPDCs. (b) Structures of oligoenes with thiophene (DTDC) 
and pyridine (PyO) end groups. Comparison of the energy barrier for singlet fission for (c) 
structures in panel (a) and (d) structures in panel (b) with DPDC, from TD-DFT calculations. 
 We turn our attention to DTDCs (Figure 4.9b), where the phenyl end groups are 
replaced with thiophenes. Thiophene is strongly electron donating and a common 
building block found in many polymers and oligomers of high-performance electronic 
materials. The DTDCs are more favorable in terms of energy level alignment (Figure 
4.9d), and the stronger donor-acceptor effect of the thiophenes with cyano groups also 
favor the formation of the BE state. The absorption spectra for DTDCn (n=3, 5, 7) in 
solution are shown in Figure 4.10a. The series show a similar trend to DPDCs and similar 
vibronic bands, but the entire series is red-shifted due to the stronger “push-pull” effect. 
They are also highly crystalline, and the single crystal structures of DTDC3 and DTDC5 
are shown in Figures 4.10c-d. We used TA spectroscopy to study DTDC7 film, which 
DFT calculations show to be energetically most favorable for singlet fission. Similar to 
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DPDC7, DTDC7 also shows the long lifetime bleaching signal, which is evidence of 
efficient intra- to intermolecular SF. 
 
Figure 4.10. (a) UV-Vis absorption spectra of DTDCn (n=3,5,7). (b) Transient absorption for 
DTDC7 film. Single crystal structures of (c) DTDC3 and (d) DTDC5. 
4.8 Studies on Perylenediimide Dimers with Donor Bridges 
 We use a donor-acceptor (DA) design concept to design molecules for 
intramolecular SF. It has been shown that this design concept can be used to achieve 
charge transfer (CT) mediated highly efficient intramolecular SF in both small molecules 
and polymers.57 Perylene diimide (PDI) was chosen as the acceptor building block. PDI 
is a common electron acceptor material found in many organic field-effect transistors and 
organic photovoltaics,58,59 and is also known to undergo SF.60 We use Suzuki or Stille 
coupling reactions to covalently link them with various donor bridges to study a family of 




Scheme 4.2. Synthesis of PDI-Donor-PDI compounds by Suzuki and Stille coupling. 
 
 As expected with DA systems, the UV-Vis absorption is red-shifted compared 
with PDI monomer (Figures 4.11a&b). The absorption peaks are also broadened, as 
opposed to the sharp vibronic peaks seen in the PDI monomer. Using PDI-TT-PDI as an 
example, we show the orbital pictures of the S1 and T1 states from DFT calculations in 
Figure 4.11c. The HOMO rests predominantly on the donor TT moiety, while the LUMO 
rests on the acceptor PDI moieties. TD-DFT calculations also indicate that the lowest 
energy excitation is the HOMO -> LUMO transition, which corresponds to the CT state.  
 
Figure 4.11. UV-Vis absorption spectra of (a) 4.1-4.4, (b) 4.6-4.7 compared to PDI monomer. (c) 
Singlet and triplet orbitals of 4.2 from TD-DFT calculations. 
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An important feature of these molecules is that the triplet state sits predominantly 
on the PDI moiety (Figure 4.11c), which is promising for the efficient separation of 
triplets once the molecule undergoes intramolecular SF. This addresses one of the 
disadvantages of intramolecular SF - the triplets have a relatively short lifetime before 
they annihilate due to inefficient separation. Intramolecular SF is trickier to identify than 
intermolecular SF when analyzing TA spectra because one cannot rely on a rise in the 
bleaching signal since intramolecular SF is a unimolecular process. However, an 
important feature of intramolecular SF is that the triplet formation is quick, often within 
10’s of ps. Therefore, a key piece of evidence in identifying intramolecular SF is the 
rapid generation of a new species, which is then 
compared with the spectra obtained from triplet 
sensitization experiments to confirm that the new 
species is indeed the triplet. 
 The results of TA of compounds 4.1-4.7 
can be summarized into two different categories. 
The first is the rather anomalous result of 4.3 PDI-
BDT-PDI (Figure 4.12). The 2D pseudo-color (-
ΔT/T) spectra (Figure 4.12a) shows two distinct 
GB and ESA regions. The dynamics are quite 
simple. We extracted the kinetic profiles at 530 
nm (GB region), 600 nm (ESA region) and 720 
nm (ESA region), which all fit to a single 
exponential with a lifetime of 15 ps (Figure 
 
Figure 4.12. (a) Transient absorption for 
DCM solution of PDI-BDT-PDI, pump laser 
wavelength was 330 nm. (b) Kinetics profiles 
probed at 530 nm, 600 nm, and 720 nm. (c) 
TA spectra at different pump-probe delays.!
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4.12b). In the TA spectra at different pump-probe delays (Figure 4.12c), the ESA is very 
broad, spanning the entire visible spectrum and extends to the IR region, which was not 
probed in this experiment. We assign this single species as the S1 state, which is the 
charge transfer state, which decays back to the ground state S0 with a lifetime of 15 ps 
without the presence of any other processes. 
 
Figure 4.13. Transient absorption for a solution of PDI-TT-PDI. 2D pseudo-color (-ΔT/T) spectra 
as functions of probe wavelength and pump-probe delay time. The pump laser wavelength was 
(a) 330 nm and (d) 530 nm. Kinetic profiles probed a various wavelengths for samples excited at 
(b) 330 nm and (e) 530 nm. TA spectra at different pump-probe delays for samples excited at (c) 
330 nm and (f) 530 nm. 
The second category, for all remaining compounds, shows the presence of a long 
lifetime species in both the GB and ESA regions. We show the results of 4.2 to represent 
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this category (Figure 4.13). We excited the samples at 330 nm and 530 nm, where 530 
nm is the edge of the charge transfer absorption band. The TA spectra are qualitatively 
very similar and yield the same conclusions, so we focus our attention on Figures 4.13a-
c. From the kinetic profiles in Figure 4.13b probed at wavelengths in both the GB an ESA 
regions, we can easily see the presence of more than one species. For example, at 532 nm 
and 630 nm we observe first a slow rise then followed by decay. The TA spectra at 
different pump-probe delays give a more direct visual of this change. Three 
representative spectra at delay times of 0.94 ps, 105 ps, and 1300 ps are shown in Figure 
4.13c. The ESA is a broad peak that spans the visible region, but within the first 100 ps 
there is a distinct shift in the 600-700 nm region (blue and green traces). At a longer 
delay time of 1300 ps, there is a positive peak at around 520 nm, which clearly indicates 
the formation of a new species that overlaps with the GB region. This new species slowly 
rises with time while GB decays, therefore leading to its features eventually overtaking 
the GB peak at longer delay times. We can compare the ESA and GB regions to the TA 
spectra reported for PDI by Wasielewski, et al.,61 who studied the photophysics of PDI 
dimers on a xanthene scaffold. The initial broad ESA absorption is characteristic of 
1*PDI, whereas the broadening shift to the 600-700 nm region (green curve in Figure 
4.13c) is attributed to the formation of PDI•−. The features that emerge at 520 nm at 
longer delay times is characteristic of 3*PDI. Therefore, we can assign the following 
process: upon initial excitation, the following charge transfer process 1*PDI-TT→ PDI•−-
TT•+ occurs, and the subsequent charge recombination leads to formation of 3*PDI. 
However, it is important to note that the triplet formation is a result of intersystem 
crossing (ISC), not singlet fission. It is well known that ISC, which is a spin forbidden 
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process, can be mediated by CT states.62–65 We believe that the competition between CT-
mediated ISC and SF is determined by the energy level alignment, whether ET1 is closer 
to ES1 or one half of ES1. DFT calculations indicate that for PDI-TT-PDI, the energy of S1 
is 1.98 eV, whereas the energy of T1 is 1.47 eV. This suggests that the triplet energy of 
PDI is too high for efficient SF and instead favors ISC, and for future design a more 
promising route is to search for different acceptor moieties with lower intrinsic triplet 
energies.  
4.9 Experimental Details 
4.9.1 Synthetic Procedures 
DPDC series and their derivatives were synthesized by Wittig Homologation and double 
Knoevenagel Condensation reactions reported previously.39 Synthetic procedures and 
spectroscopic details are given below for new compounds. 
N-(2-ethylhexyl)-4-formylbenzamide (4.8a) 
 
The title compound was prepared by an adaptation of a previously reported procedure.66 
In a flame-dried 500 mL 3-neck flask, 4-formylbenzoic acid (7.51 g, 0.05 mol, 1.0 eq) 
and DMF (0.77 mL, 0.01 mmol, 0.2 eq) was added to 150 mL anhydrous toluene. The 
white suspension was cooled to 0°C, and SOCl2 (4.0 mL, 0.055 mol, 1.1 eq) was added 
dropwise. The mixture was heated to 80°C for 3h, during which the suspension gradually 
solubilized to a light yellow solution. The solution was cooled back to 0°C, after which 2-
ethylhexyl amine (25 mL, 0.15 mol, 3.0 eq) and triethylamine (21 mL, 0.15 mol, 3.0 eq) 






stirred overnight. The reaction was hydrolyzed with 1M HCl, stirred for 30 min, then 
filtered. The filtrate was extracted with DCM three times, and the organic layers were 
combined, dried with magnesium sulfate, filtered, and concentrated. The resulting yellow 
oil was purified by flash chromatography using 40% ethyl acetate in hexanes to yield a 
white solid (8.10g, 62%). 
1H NMR (400 MHz, CDCl3): δ 10.06 (s, 1H), 7.87-7.94 (m, 4H), 6.26 (bs, 1H), 3.39-3.43 
(m, 2H), 1.52-1.61 (m, 1H), 1.22-1.41 (m, 8H), 0.87-0.95 (m, 6H). 
(E)-N-(2-ethylhexyl)-4-(3-oxoprop-1-en-1-yl)benzamide (4.8b) 
 
General Wittig Homologation procedure. The product was purified by flash 
chromatography using 30% ethyl acetate in hexanes to yield a yellow waxy solid in 86% 
yield. 
1H NMR (400 MHz, CDCl3): δ 9.73 (d, J = 7.6 Hz, 1H), 7.81 (d, J = 8.4 Hz, 2H), 7.62 (d, 
J = 8.4 Hz, 2H), 7.49 (d, J = 16.0 Hz, 1H), 6.75 (dd, J = 7.6, 16.0 Hz, 1H), 6.13 (bs, 1H), 
3.36-3.47 (m, 2H), 1.55-1.62 (m, 1H), 1.29-1.43 (m, 8H), 0.88-0.96 (m, 6H). 
13C NMR (101 MHz, CDCl3): δ 193.4, 166.7, 151.1, 137.3, 136.8, 130.1, 128.7, 127.8, 












General Wittig Homologation procedure. The product sticks to silica gel strongly and 
purification by column chromatography greatly decreases the isolated yield. Therefore, 
the crude product was used without further purification in the following step. 
DPDC3-amide 
 
General double Knoevenagel Condensation procedure. The product was prepared from 
4.8a and isolated as a yellow solid in 15% yield. 
1H NMR (400 MHz, C2D2Cl4): δ 7.92 (d, J = 8.8 Hz, 4H), 7.84 (d, J = 8.8 Hz, 4H), 7.31 
(s, 2H), 6.94 (s, 2H), 6.23 (t, J = 5.6 Hz, 2H), 3.37-3.48 (m, 4H), 1.58-1.62 (m, 2H), 1.28-
1.46 (m, 16H), 0.93-0.99 (m, 12H). 
13C NMR (101 MHz, C2D2Cl4): δ 166.3, 144.6, 136.6, 135.7, 130.8, 129.4, 127.4, 120.2, 
115.6, 111.0, 43.0, 39.3, 31.0, 28.8, 24.3, 22.9, 14.1, 10.9. 
DPDC5-amide 
 
General double Knoevenagel Condensation procedure. The product was prepared from 


















1H NMR (500 MHz, DMSO-d6, 350K): δ 8.18 (t, J = 5.5 Hz, 2H), 7.87 (d, J = 8.0 Hz, 
4H), 7.70 (d, J = 8.5 Hz, 4H), 7.56 (d, J = 10.0 Hz, 2H), 7.22-7.31 (m, 4H), 6.85 (s, 2H), 
3.21-3.24 (m, 4H), 1.55-1.62 (m, 2H), 1.26-1.42 (m, 16H), 0.87-0.91 (m, 12H). 
13C NMR could not be obtained due to low solubility. 
DPDC7-amide 
 
General double Knoevenagel Condensation procedure. The product was prepared from 




The title compound was prepared by Sonogashira coupling. 4-bromobenzaldehyde (1.85 
g, 10.0 mmol, 1.0 eq), PPh3 (0.26g, 1.0 mmol, 0.1 eq), PdCl2(PPh3)2 (0.35g, 0.5 mmol, 
0.05 eq), 75 mL triethylamine and 25 mL of THF were combined into a 250-mL 2-neck 
flask. The mixture was degassed with nitrogen for 15 min before CuI (0.19g, 1.0 mmol, 
0.1 eq) was added and the suspension was further degassed for another 15 min. During 
this time the suspended solid dissolved into an orange solution. TIPS acetylene (3.4 mL, 
15.0 mmol, 1.5 eq) was added via syringe and the reaction was heated at 60°C for 12 h. 











ether, washed with water and dried over MgSO4. After removing the solvent under 
reduced pressure the product was isolated by flash column chromatography using 10% 
ethyl acetate in hexanes to yield a colorless oil (2.63g, 92%). 
1H NMR (400 MHz, CDCl3): δ 10.00 (s, 1H), 7.82 (d, J = 8.4 Hz, 2H), 7.61 (d, J = 8.4 
Hz, 2H), 1.12-1.17 (m, 21 H).  
13C NMR (101 MHz, CDCl3): δ 191.5, 135.6, 132.7, 129.5, 106.0, 95.9, 18.8, 11.4. 
(E)-3-(4-((triisopropylsilyl)ethynyl)phenyl)acrylaldehyde (4.9b) 
 
General Wittig Homologation procedure. The product was purified by flash 
chromatography using 10% ethyl acetate in hexanes to yield a yellow solid in 75% yield. 
(2E,4E)-5-(4-((triisopropylsilyl)ethynyl)phenyl)penta-2,4-dienal (4.9c) 
 
General Wittig Homologation procedure. The product was purified by flash 
chromatography using 10% ethyl acetate in hexanes to yield a yellow solid in 67% yield. 
1H NMR (300 MHz, CDCl3): δ 9.63 (d, J = 7.8 Hz, 1H), 7.48 (d, J = 8.4 Hz, 2H), 7.42 (d, 
J = 8.4 Hz, 2H), 7.21-7.30 (m, 1H), 6.98-7.00 (m, 2H), 6.26 (dd, J = 15.0, 7.8 Hz, 1H), 








General double Knoevenagel Condensation procedure. The product was prepared from 
4.9a and isolated as a yellow solid in 24% yield. See single crystal structure. 
1H NMR (300 MHz, CD2Cl2): δ 7.83 (d, J = 8.4 Hz, 4H), 7.56 (d, J = 8.4 Hz, 2H), 7.24 
(s, 2H), 6.91 (s, 2H), 1.12-1.17 (m, 42H).  
DPDC5-TIPS 
 
General double Knoevenagel Condensation procedure. The product was prepared from 












General double Knoevenagel Condensation procedure. The product was prepared from 
4.9c and isolated as a red solid in 44% yield. See single crystal structure. 
(E)-3-(thiophen-2-yl)acrylaldehyde (4.10a) 
 
General Wittig Homologation procedure. The product was prepared from thiophene-2-
carbaldehyde and isolated as a light yellow oil in 83% yield. 
1H NMR (400 MHz, CDCl3): δ 9.63 (d, J = 7.6 Hz, 1H), 7.58 (d, J = 15.6 Hz, 1H), 7.50 
(d, J = 5.2 Hz, 1H), 7.36 (d, J = 3.6 Hz, 1H), 7.11 (dd, J = 3.6, 5.2 Hz, 1H), 6.51 (dd, J = 
7.6, 15.6 Hz, 1H). 
13C NMR (101 MHz, CDCl3): δ 192.9, 144.5, 139.4, 132.2, 130.5, 128.6, 127.5. 
(2E,4E)-5-(thiophen-2-yl)penta-2,4-dienal (4.10b) 
 
General Wittig Homologation procedure. The product was prepared from 4.10a and 
isolated as yellow solid in 74% yield. 
1H NMR (400 MHz, CDCl3): δ 9.57 (d, J = 8.0 Hz, 1H), 7.34 (d, J = 4.8 Hz, 1H), 7.10-












General double Knoevenagel Condensation procedure. The product was prepared from 
thiophene-2-carbaldehyde and isolated as a dark yellow solid in 27% yield. 
1H NMR (400 MHz, CDCl3): δ 7.60 (d, J = 3.6 Hz, 2H), 7.57 (d, J = 5.2 Hz, 2H), 7.31 (s, 
2H), 7.14 (dd, J = 3.6, 5.2 Hz, 2H), 6.74 (s, 2H). 
13C NMR (101 MHz, CDCl3): δ 138.0, 137.3, 133.1, 131.2, 129.4, 128.3, 116.3, 107.1. 
DTDC5 
 
General double Knoevenagel Condensation procedure. The product was prepared from 
4.10a and isolated as a red solid in 36% yield. 
1H NMR (300 MHz, CDCl3): δ 7.38 (d, J = 5.1 Hz, 2H), 7.21 (d, J = 3.9 Hz, 2H), 7.00-
7.12 (m, 6H), 6.92 (dd, J = 2.1, 9.0 Hz, 2H), 6.67 (s, 2H). 
DTDC7 
 
General double Knoevenagel Condensation procedure. The product was prepared from 














1H NMR (400 MHz, C2D2Cl4, 350K): δ 7.36 (d, J = 4.8 Hz, 2H), 7.18 (d, J = 3.6 Hz, 2H), 
7.09 (dd, J = 3.6, 4.8 Hz, 2H), 6.94-7.02 (m, 4H), 6.78-6.89 (m, 6H), 6.70 (s, 2H). 
13C NMR (101 MHz, C2D2Cl4, 350K): δ 143.9, 141.5, 141.1, 130.4, 128.5, 128.1, 127.6, 
127.4, 127.2, 126.3, 114.6, 110.8. 
 
4.1-4.3 were synthesized by Stille coupling reaction. 4.4 and 4.5 were synthesized by 
Suzuki coupling reaction. 4.6 and 4.7 were synthesized according to reported 
procedure.59 
General Procedure for Stille coupling reaction (Scheme 4.2): A 50 mL 2-neck flask was 
charged with PDI-Br (2.0 eq), bis-stannane (1.0 eq), and toluene. The solution was 
degassed with nitrogen for 15 min, then Pd(PPh3)4 (0.05 eq) was added, and the mixture 
was degassed with nitrogen for another 15 min. The reaction was heated to 110 °C for 
12h, then washed with water and extracted with DCM. The organic layers were 
combined, dried with magnesium sulfate, filtered, and concentrated. The crude material 


















General Stille coupling procedure. The product was isolated as a dark purple solid in 77% 
yield. 
1H NMR (300 MHz, CDCl3): δ 8.30-8.73 (m, 14H), 7.43 (s, 2H), 5.04-5.23 (m, 4H), 
2.08-2.33 (m, 8H), 1.73-1.90 (m, 8H), 1.14-1.42 (m, 48H), 0.73-0.92 (m, 24H). 
PDI-TT-PDI (4.2)  
 
General Stille coupling procedure. The product was isolated as a dark purple solid in 85% 
yield. 
1H NMR (300 MHz, CDCl3): δ 8.33-8.81 (m, 14H), 7.57 (s, 2H), 5.10-5.23 (m, 4H), 
2.17-2.32 (m, 8H), 1.79-1.91 (m, 8H), 1.19-1.40 (m, 48H), 0.77-0.87 (m, 24H). 

































General Stille coupling procedure. The product was eluted with 40% DCM in hexanes 
and isolated as a dark purple solid in 82% yield. 
1H NMR (300 MHz, CDCl3): δ 8.68-8.85 (m, 10H), 8.27-8.43 (m, 4H), 7.74 (s, 2H), 
5.12-5.25 (m, 4H), 4.22 (d, J = 5.4 Hz, 4H), 2.14-2.34 (m, 8H), 1.69-1.93 (m, 10H), 1.13-
1.52 (m, 64H), 0.68-0.86 (m, 36H). 
 
General Procedure for Suzuki coupling reaction (Scheme 4.2): A 50 mL 2-neck flask was 
charged with PDI-Br (2.0 eq), bis-pinacol boronate (1.0 eq), 2M Na2CO3, and THF. The 
solution was degassed with nitrogen for 15 min, then Pd(PPh3)4 (0.05 eq) was added, and 
the mixture was degassed with nitrogen for another 15 min. The reaction was heated to 
80 °C for 12h, then washed with brine and extracted with DCM. The organic layers were 
combined, dried with magnesium sulfate, filtered, and concentrated. The crude material 
was purified by preparative thin layer chromatography eluting with 60% DCM in 
hexanes. 
















General Suzuki coupling procedure. The product was isolated as a dark purple solid in 
58% yield. 
1H NMR (300 MHz, CDCl3): δ 8.63-8.80 (m, 10H), 7.60-8.32 (m, 8H), 7.30-7.41 (m, 
2H), 5.08-5.26 (m, 4H), 4.49-4.62 (m, 1H), 2.05-2.35 (m, 10H), 1.73-1.97 (m, 10H), 
0.96-1.40 (m, 68H), 0.57-0.86 (m, 30H). 
PDI-Ac-PDI (4.5)  
 
General Suzuki coupling procedure. The product was isolated as a dark purple solid in 
76% yield. 
1H NMR (400 MHz, CDCl3, 323K): δ 8.44-8.81 (m, 10H), 8.06-8.15 (m, 10H), 7.42 (d, J 
= 8.8 Hz, 2H), 5.14-5.24 (m, 4H), 2.19-2.31 (m, 8H), 1.82-1.88 (m, 8H), 1.28-1.42 (m, 
48H), 0.82-0.88 (m, 24H). 
4.9.2 Triplet Sensitization 
Absorption spectra of DPDC7 and thioxanthone (TX) in acetonitrile are shown in 
Figure 4.14a. Figure 4.14b shows the dynamics at different wavelengths for a solution of 
TX (dashed curve) and a mixed solution of TX and DPDC7 (solid curves). The time 
profile at 630 nm for TX alone (blue dashed line) shows the TX triplet decay dynamics 














in the mixed solution with DPDC7, indicating triplet transfer from TX to DPDC7. In this 
mixture, the dynamics at 520 nm (light blue) has a rise time constant of 1.8 µs; this is 
assigned to the buildup time for triplet in DPDC7. The rise in absorption signal at 520 nm 
is mirrored by the bleaching signal at 440 nm (dark blue), with a similar time constant. It 
is important to note that the absorption of DPDC7 is none zero at 355 nm (panel A) and 
singlets and subsequently biexciton (BE) are also generated in DPDC7 upon 
photoexcitation. However the lifetime for singlet and biexciton in DPDC7 in solution are 
very short, < 100 ps (see Sections 4.3 and 4.4). These singlet and BE features show up as 
a spike in Figure 4.14b). There is no significant intersystem crossing observation in the 
solution of DPDC7. 
Figure 4.14c presents the ns transient absorption spectra at different delay times. 
At a short time delay (0.1-0.5 µs) when the DPDC7 triplet population is negligible, the 
absorption spectrum (blue) is mainly that for the triplet in TX. At a longer time (4-6 µs), 
the DPDC7 triplet population dominates and absorption represents that of the T1 state in 
DPDC7. The T1 absorption in DPDC7 (red spectrum in Figure 4.14c) spans the range of 
~500 nm to ~650 nm. Note that in the DPDC7, T1 absorption may extend further to < 500 
nm, but overlaps with the bleaching makes a quantitative assessment of T1 absorption < 
500 nm difficult. For comparison, we add the induced absorption spectrum (dashed 
curve) for T1 in DPDC7 thin film, as obtained from global fitting. The T1 spectrum from 
global fitting of the DPDC7 thin film (black dashed) is in excellent agreement with the 
sensitized spectrum from DPDC7 solution. 
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Figure 4.14. (a) Absorption spectra of DPDC7 and TX in acetonitrile. The red arrow indicates the 
excitation wavelength for the triplet sensitization measurement. (b) Transient absorption 
dynamics for TX (dashed curve) and a mixture of TX and DPDC7 (solid curves) at the indicated 
probe wavelengths. (c) Transient absorption spectra for triplet in TX (blue) and DPDC7 (red). The 
dashed curve is the induced absorption obtained from global fit for DPDC7 in solid film (Fig. 
4.4d). 
4.9.3 Phosphorescence Measurement 
The phosphorescence spectrum from DPDC7 is shown in Fig. 4.4b. Fig. 4.15 
compares the phosphorescence spectrum from DPDC7 to those from DPDC5 and DPDC9. 
For the phosphorescence decay dynamics in the inset in Fig. 4.4b, we recorded time-
dependent phosphorescence decay dynamics using laser pulsed excitation (355 nm, 5 ns 
pulse width) from a Nd:YAG laser (GCR-150-30, Spectra Physics) and a NIR sensitive 
PMT detector (H10330A-45, Hamamatsu).  
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Figure 4.15. Phosphorescence spectrum from solids of DPDC5,7,9 excited at 355 nm. 
4.9.4 Transient Absorption Spectra for DPDCn 
The pump laser light (∼100 fs pulse width, ∼200 nJ pulse energy) comes from an 
optical parametric amplifier pumped by a Ti:sapphire femtosecond regenerative amplifier 
(800 nm, 1 kHz rep-rate). The probe light is a white-light supercontinuum (450-900 nm, 
∼100 fs pulse width). The pump and probe beams overlapped under a small angle. The 
detection consists of a pair of high-resolution multichannel detector arrays coupled to a 
high-speed data acquisition system. The pump laser pulse energy density on the sample 























Figure 4.16. 2D pseudo-color (-ΔT/T) spectra as functions of probe wavelength and pump-probe 
delay time for DPDCn in films with different n. The excitation wavelengths are 320 nm (n = 3); 
420 nm (n = 5); 450 nm (n = 7); 420 nm (n = 9); and 525 nm (n = 11). 
4.9.5 Time-dependent density-functional theory (TD-DFT) calculation  
Across the series that we studied the energies of both T1 and S2 decrease as the 
number of conjugated π-bonds increase. Consistent with this is the observation that while 
the energy of the HOMO increases the energy of the LUMO remains roughly constant. 
The T1-S2 splitting also decreases as the number of conjugated double bonds increases. 
To a first approximation this splitting is given by 2K, where K is the exchange integral 
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between the two singly-occupied orbitals. As the length of the conjugated chain increases 
each of the two singly-occupied orbitals that define the excited states extends over a 
wider area, and it is reasonable that the exchange integral between them is reduced. 
Table 4.1. TD-DFT calculation for different number of π-bonds. Energy is in hartrees (h) unit, 
except the last two columns are in eV. 




E(S0) E(S2) (eV) E(T1) (eV) 
DCDP-3 -880.0266 -879.9037 -879.95332 0.1229 0.0733 3.3447 1.9933 
DCDP-5 -1034.8548 -1034.7491 -1034.7968 0.1057 0.0580 2.8763 1.5776 
DCDP-7 -1189.6724 -1189.5800 -1189.6234 0.0924 0.0490 2.5143 1.3334 
DCDP-9 -1344.4993 -1344.4161 -1344.4545 0.0832 0.0448 2.2640 1.2191 
DCDP-11 -1499.3210 -1499.2458 -1499.2802 0.0752 0.0408 2.0463 1.1116 
 
4.9.6 Crystallinity for DPDCn films 
We investigate the crystallinity and molecular orientation of DPDCn films as a 
function of the number of π-bonds, n, using Grazing Incidence X-ray Diffraction 
(GIXD). The data, shown in Figure 4.17, reveals a trend of crystallinity with the 
molecular length. The large number of distinct peaks (spots) in the 2-D reciprocal space 
images ordered along qr (in the plane: parallel to the substrate) and qz (out-of-plane: 
perpendicular to the substrate) for n = 3 indicates that DPDC3 with short chain lengths is 
highly crystalline and oriented. The textured diffraction rings observed for DPDC5 and 
DPDC7 also indicate good crystallinity, with smaller population of crystals with a single 
preferential orientation. Indeed, the degree of crystallinity decreases with increasing 
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chain length so that by n ≥ 9, the DPDC film is almost amorphous and very weak 
diffraction peaks are observed.   
 
Figure 4.17. 2-D GIXD patterns, measured at an incident angle of 0.7º, for DPDCn films as a 
function of the number of π-bonds along the chain.  
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1H NMR spectrum of trans-1,2-bis(4-(trimethylstannyl)phenyl)ethane (4b). 
 













































































1H NMR spectrum of platinum macrocycle 5. 
 
 



































































































13C NMR spectrum of cyclostilbene 1-CTCT. 
 
 

















































































13C NMR spectrum of cyclostilbene 2-CCCC. 
 












































































































13C NMR spectrum of P1. 
 




















































































































































13C NMR spectrum of 4-(phenylthio)benzaldehyde (3.4c). 
 












































































































































13C NMR spectrum of (E)-methyl 4-(4-(methylthio)styryl)benzoate (3.5a). 
 








































































































































































































13C NMR spectrum of (E)-methyl 4-(2-(4,4-dimethylthiochroman-6-yl)vinyl)benzoate 
(3.5b).  
  



































































































































































































































13C NMR spectrum of (E)-methyl 4-(4-(phenylthio)styryl)benzoate (3.5c).  
 






























































































































































































13C NMR spectrum of (E)-6-(4-iodostyryl)-4,4-dimethylthiochroman (3.4d). 
 
1H NMR spectrum of methyl 4-((E)-4-((E)-2-(4,4-dimethylthiochroman-6-
















































































































































































































13C NMR spectrum of methyl 4-((E)-4-((E)-2-(4,4-dimethylthiochroman-6-
yl)vinyl)styryl)benzoate (3.5d). 
 






































































































































































































13C NMR spectrum of (E)-(4-(4-(methylthio)styryl)phenyl)methanol (3.6a).  
  





























































































































































































13C NMR spectrum of (E)-(4-(2-(4,4-dimethylthiochroman-6-yl)vinyl)phenyl)methanol 
(3.6b). 
 











































































































































































13C NMR spectrum of (E)-(4-(4-(phenylthio)styryl)phenyl)methanol (3.6c). 
 



































































































































































































13C NMR spectrum of (4-((E)-4-((E)-2-(4,4-dimethylthiochroman-6-
yl)vinyl)styryl)phenyl)methanol (3.6d).  
 



































































































































































































































13C NMR spectrum of (E)-(4-(4-(bromomethyl)styryl)phenyl)(methyl)sulfane (3.7a). 
   



















































































































































































13C NMR spectrum of (E)-6-(4-(bromomethyl)styryl)-4,4-dimethylthiochroman (3.7b).  
  



































































































































































13C NMR spectrum of (E)-(4-(4-(bromomethyl)styryl)phenyl)(phenyl)sulfane (3.7c).  
 


































































































































































































13C NMR spectrum of 6-((E)-4-((E)-4-(bromomethyl)styryl)styryl)-4,4-
dimethylthiochroman (3.7d).  
 



















































































































































































































13C NMR spectrum of (E)-trimethyl(4-(4-(methylthio)styryl)benzyl)stannane (3.1).  
 












































































































































































































13C NMR spectrum of (E)-(4-(2-(4,4-dimethylthiochroman-6-
yl)vinyl)benzyl)trimethylstannane (3.2).  
 






























































































































































































13C NMR spectrum of (E)-trimethyl(4-(4-(phenylthio)styryl)benzyl)stannane (3.3).  
 
1H NMR spectrum of (4-((E)-4-((E)-2-(4,4-dimethylthiochroman-6-




























































































































































































































13C NMR spectrum of (4-((E)-4-((E)-2-(4,4-dimethylthiochroman-6-
yl)vinyl)styryl)benzyl) trimethylstannane (S3.4).  
 






























































































































































































































13C NMR spectrum of (E)-1,2-bis(4,4-dimethylthiochroman-6-yl)ethene (S3.2).  
 










































































































13C NMR spectrum of (E)-1,2-bis(4-(phenylthio)phenyl)ethene (S3.3).  
 





































































































































































1H NMR of (E)-N-(2-ethylhexyl)-4-(3-oxoprop-1-en-1-yl)benzamide (4.8b). 
 


































































































































































































1H NMR of DPDC3-amide. 
 


























































































































































































































1H NMR of DPDC5-amide. 
 









































































































































































































13C NMR of 4-((triisopropylsilyl)ethynyl)benzaldehyde (4.9a). 
 
































































































































1H NMR of DPDC3-TIPS. 
 





























































































































13C NMR of (E)-3-(thiophen-2-yl)acrylaldehyde (4.10a). 
 





























































































































13C NMR of (2E,4E)-5-(thiophen-2-yl)penta-2,4-dienal (4.10b). 
 




































































































13C NMR of DTDC3. 
  




























































































































1H NMR of DTDC7.  
 
































































































































1H NMR of PDI-Th-PDI (4.1).  
 






















































































































































































































































1H NMR of PDI-BDT-PDI (4.3).  
 



























































































































































































































































































































All quantum chemical calculations were performed using Jaguar, version 8.3, 
Schrodinger, Inc., New York, NY, 2014. Geometries were optimized using the B3LYP 
functional and the 6-31G** and LACVP (for platinum intermediates) basis set. All 
orbital surfaces shown are plotted at a 0.03 isovalue. At the optimized geometry, excited 
singlet states were calculated using the TD-DFT method that is included in the Jaguar 
package. 
 
I) Optimized geometries 
 
Cyclostilbene 1-CTCT 
B3LYP/6-31G** optimized geometry 
Final total energy = -2158.0947 hartrees 
Final geometry: 
                                   angstroms 
  atom               x                 y                 z 
  C1           -0.1879000000      0.5740000000      0.2529000000  
  C2           -0.2737000000      0.1113000000      1.5753000000  
  C3            0.8656000000     -0.5101000000      2.1205000000  
  C4            2.0220000000     -0.6924000000      1.3762000000  
  C5            2.0993000000     -0.2554000000      0.0420000000  
  C6            0.9782000000      0.4058000000     -0.4895000000  
  C7           -1.5103000000      0.2018000000      2.3859000000  
  C8           -2.7848000000     -0.0131000000      1.8272000000  
  C9           -3.9177000000     -0.1354000000      2.6239000000  
  C10          -3.8245000000     -0.0528000000      4.0270000000  
  C11          -2.5677000000      0.2749000000      4.5708000000  
  C12          -1.4390000000      0.3958000000      3.7749000000  
  C13          -4.8737000000     -0.4415000000      4.9683000000  
  C14          -6.0407000000     -1.0757000000      4.7237000000  
  C15          -6.8106000000     -1.7852000000      5.7515000000  
  C16          -7.6719000000     -2.8312000000      5.3716000000  
! 176 
  C17          -8.1425000000     -3.7590000000      6.2989000000  
  C18          -7.7673000000     -3.6769000000      7.6488000000  
  C19          -7.0408000000     -2.5400000000      8.0519000000  
  C20          -6.5839000000     -1.6110000000      7.1319000000  
  C21          -7.9602000000     -4.8117000000      8.5841000000  
  C22          -9.1227000000     -5.5955000000      8.6332000000  
  C23          -9.1889000000     -6.7247000000      9.4483000000  
  C24          -8.0863000000     -7.1352000000     10.2167000000  
  C25          -6.9388000000     -6.3256000000     10.1987000000  
  C26          -6.8824000000     -5.1884000000      9.4063000000  
  C27          -8.1356000000     -8.3632000000     11.0387000000  
  C28          -7.1963000000     -9.3260000000     11.1347000000  
  C29          -5.9707000000     -9.5017000000     10.3302000000  
  C30          -4.8110000000    -10.0480000000     10.9081000000  
  C31          -3.6474000000    -10.2379000000     10.1656000000  
  C32          -3.6037000000     -9.9171000000      8.7997000000  
  C33          -4.7765000000     -9.4035000000      8.2156000000  
  C34          -5.9294000000     -9.1963000000      8.9585000000  
  C35          -2.3820000000    -10.0487000000      7.9711000000  
  C36          -2.4754000000    -10.4241000000      6.6214000000  
  C37          -1.3769000000    -10.3465000000      5.7783000000  
  C38          -0.1292000000     -9.8813000000      6.2341000000  
  C39          -0.0090000000     -9.6133000000      7.6124000000  
  C40          -1.1093000000     -9.6959000000      8.4576000000  
  C41           0.8698000000     -9.5335000000      5.2247000000  
  C42           2.0058000000     -8.8248000000      5.3940000000  
  C43           2.7260000000     -8.1223000000      4.3286000000  
  C44           2.4329000000     -8.2711000000      2.9575000000  
  C45           2.8819000000     -7.3443000000      2.0289000000  
  C46           3.6622000000     -6.2375000000      2.4143000000  
  C47           4.0786000000     -6.1740000000      3.7525000000  
! 177 
  C48           3.6209000000     -7.0974000000      4.6864000000  
  C49           3.8911000000     -5.0982000000      1.4941000000  
  C50           5.0866000000     -4.3637000000      1.4700000000  
  C51           5.1979000000     -3.2031000000      0.7080000000  
  C52           4.1095000000     -2.7121000000     -0.0318000000  
  C53           2.9329000000     -3.4792000000     -0.0549000000  
  C54           2.8310000000     -4.6487000000      0.6865000000  
  C55           4.2078000000     -1.4329000000     -0.7661000000  
  C56           3.3175000000     -0.4204000000     -0.7747000000  
  H57          -2.8762000000     -0.1570000000      0.7550000000  
  H58           5.9366000000     -4.7038000000      2.0541000000  
  H59          -4.8723000000     -0.3568000000      2.1553000000  
  H60          -2.7702000000    -10.6614000000     10.6471000000  
  H61           1.8034000000     -9.0889000000      2.6208000000  
  H62           6.1325000000     -2.6476000000      0.7133000000  
  H63          -2.4740000000      0.3856000000      5.6482000000  
  H64          -7.9004000000     -2.9713000000      4.3178000000  
  H65           1.8935000000     -5.1964000000      0.6892000000  
  H66           2.6018000000     -7.4582000000      0.9856000000  
  H67          -9.9848000000     -5.3159000000      8.0336000000  
  H68          -3.4285000000    -10.7584000000      6.2245000000  
  H69           3.8921000000     -6.9753000000      5.7323000000  
  H70           2.0864000000     -3.1359000000     -0.6403000000  
  H71           2.3358000000     -8.5848000000      6.4034000000  
  H72          -6.8079000000     -2.4057000000      9.1043000000  
  H73           2.8755000000     -1.1817000000      1.8301000000  
  H74          -1.4929000000    -10.5987000000      4.7272000000  
  H75          -5.9679000000     -4.6041000000      9.3809000000  
  H76         -10.1014000000     -7.3154000000      9.4694000000  
  H77          -4.7692000000     -9.1299000000      7.1651000000  
  H78          -0.4830000000      0.6232000000      4.2367000000  
! 178 
  H79           0.5444000000     -9.7378000000      4.2065000000  
  H80           3.5217000000      0.4045000000     -1.4569000000  
  H81          -6.0815000000     -6.6059000000     10.8009000000  
  H82          -8.7229000000     -4.6099000000      5.9540000000  
  H83           0.8280000000     -0.8907000000      3.1364000000  
  H84          -0.9988000000     -9.4103000000      9.5000000000  
  H85          -4.5695000000     -0.3398000000      6.0080000000  
  H86          -9.0293000000     -8.4824000000     11.6508000000  
  H87          -6.0027000000     -0.7647000000      7.4846000000  
  H88          -4.8210000000    -10.3205000000     11.9608000000  
  H89           5.1040000000     -1.3079000000     -1.3735000000  
  H90           4.6934000000     -5.3419000000      4.0835000000  
  H91          -6.8110000000     -8.7944000000      8.4736000000  
  H92           0.9402000000     -9.2758000000      8.0186000000  
  H93          -6.3575000000     -1.2458000000      3.6961000000  
  H94          -7.3647000000    -10.1015000000     11.8816000000  
  H95           1.0203000000      0.7842000000     -1.5080000000  
  H96          -1.0348000000      1.0880000000     -0.1929000000 
 
Cyclostilbene 2-CCCC 
B3LYP/6-31G** optimized geometry 
Final total energy = -2158.1049 hartrees 
Final geometry: 
                                  angstroms 
  atom               x                 y                 z 
  C1           -1.0040000000      0.3550000000      0.8690000000  
  C2           -1.7070000000     -0.4020000000      1.8210000000  
  C3           -1.5010000000     -1.7950000000      1.8180000000  
  C4           -0.6260000000     -2.3990000000      0.9240000000  
  C5            0.0830000000     -1.6380000000     -0.0230000000  
  C6           -0.1440000000     -0.2510000000     -0.0380000000  
! 179 
  C7           -2.6360000000      0.2340000000      2.7810000000  
  C8           -3.3270000000      1.4150000000      2.4630000000  
  C9           -4.1840000000      2.0160000000      3.3790000000  
  C10          -4.4160000000      1.4540000000      4.6450000000  
  C11          -3.7190000000      0.2740000000      4.9670000000  
  C12          -2.8500000000     -0.3150000000      4.0590000000  
  C13          -5.2970000000      2.1510000000      5.5990000000  
  C14          -6.0610000000      1.6330000000      6.5800000000  
  C15          -6.3320000000      0.2070000000      6.8580000000  
  C16          -6.7270000000     -0.6780000000      5.8400000000  
  C17          -6.9790000000     -2.0170000000      6.1100000000  
  C18          -6.8350000000     -2.5330000000      7.4090000000  
  C19          -6.4720000000     -1.6420000000      8.4320000000  
  C20          -6.2400000000     -0.2970000000      8.1650000000  
  C21          -7.0380000000     -3.9740000000      7.6880000000  
  C22          -8.0640000000     -4.7090000000      7.0700000000  
  C23          -8.2370000000     -6.0620000000      7.3420000000  
  C24          -7.3770000000     -6.7490000000      8.2170000000  
  C25          -6.3570000000     -6.0110000000      8.8400000000  
  C26          -6.1950000000     -4.6550000000      8.5830000000  
  C27          -7.6250000000     -8.1700000000      8.5230000000  
  C28          -6.7570000000     -9.1830000000      8.7240000000  
  C29          -5.2980000000     -9.2610000000      8.5370000000  
  C30          -4.5710000000    -10.2240000000      9.2600000000  
  C31          -3.2070000000    -10.4060000000      9.0630000000  
  C32          -2.5030000000     -9.6470000000      8.1140000000  
  C33          -3.2300000000     -8.6860000000      7.3880000000  
  C34          -4.5900000000     -8.4960000000      7.5920000000  
  C35          -1.0600000000     -9.8660000000      7.8600000000  
  C36          -0.5270000000     -9.7400000000      6.5630000000  
  C37           0.8220000000     -9.9430000000      6.3090000000  
! 180 
  C38           1.7160000000    -10.2780000000      7.3450000000  
  C39           1.1770000000    -10.4360000000      8.6340000000  
  C40          -0.1750000000    -10.2270000000      8.8890000000  
  C41           3.1510000000    -10.5380000000      7.1310000000  
  C42           3.9930000000    -10.0450000000      6.2000000000  
  C43           3.7440000000     -8.9970000000      5.1950000000  
  C44           4.2530000000     -9.1310000000      3.8930000000  
  C45           3.9850000000     -8.1820000000      2.9120000000  
  C46           3.2070000000     -7.0460000000      3.1920000000  
  C47           2.7560000000     -6.8800000000      4.5130000000  
  C48           3.0230000000     -7.8270000000      5.4920000000  
  C49           2.8430000000     -6.0760000000      2.1340000000  
  C50           2.6110000000     -4.7170000000      2.4210000000  
  C51           2.2300000000     -3.8210000000      1.4300000000  
  C52           2.0700000000     -4.2390000000      0.0950000000  
  C53           2.3320000000     -5.5890000000     -0.1950000000  
  C54           2.6940000000     -6.4880000000      0.8000000000  
  C55           1.7340000000     -3.3310000000     -1.0130000000  
  C56           0.9630000000     -2.2250000000     -1.0450000000  
  H57          -3.2080000000      1.8600000000      1.4800000000  
  H58           2.7620000000     -4.3490000000      3.4310000000  
  H59          -4.6990000000      2.9330000000      3.1040000000  
  H60          -2.6890000000    -11.1800000000      9.6210000000  
  H61           4.8510000000    -10.0040000000      3.6420000000  
  H62           2.0800000000     -2.7780000000      1.6840000000  
  H63          -3.8360000000     -0.1660000000      5.9500000000  
  H64          -6.8250000000     -0.3060000000      4.8260000000  
  H65           2.8370000000     -7.5310000000      0.5410000000  
  H66           4.3960000000     -8.3200000000      1.9170000000  
  H67          -8.7510000000     -4.2060000000      6.3960000000  
  H68          -1.1900000000     -9.5160000000      5.7340000000  
! 181 
  H69           2.6480000000     -7.6760000000      6.4990000000  
  H70           2.2270000000     -5.9410000000     -1.2180000000  
  H71          -6.3890000000     -2.0050000000      9.4520000000  
  H72          -0.5140000000     -3.4770000000      0.9370000000  
  H73           1.1850000000     -9.8660000000      5.2920000000  
  H74          -5.3860000000     -4.1160000000      9.0670000000  
  H75          -9.0540000000     -6.6020000000      6.8700000000  
  H76          -2.7160000000     -8.0700000000      6.6560000000  
  H77          -2.2970000000     -1.1990000000      4.3590000000  
  H78           0.9660000000     -1.6750000000     -1.9860000000  
  H79          -5.6890000000     -6.5070000000      9.5350000000  
  H80          -7.2570000000     -2.6830000000      5.2980000000  
  H81          -2.0630000000     -2.4190000000      2.5050000000  
  H82          -0.5450000000    -10.3240000000      9.9060000000  
  H83          -8.6800000000     -8.4240000000      8.6200000000  
  H84          -5.9660000000      0.3730000000      8.9760000000  
  H85          -5.0930000000    -10.8500000000      9.9790000000  
  H86           2.2060000000     -3.6030000000     -1.9570000000  
  H87           2.1540000000     -6.0140000000      4.7700000000  
  H88          -5.1160000000     -7.7570000000      7.0000000000  
  H89           1.8370000000    -10.7120000000      9.4530000000  
  H90          -7.2000000000    -10.1250000000      9.0470000000  
  H91           0.3800000000      0.3620000000     -0.7680000000  
  H92          -1.1170000000      1.4350000000      0.8510000000  
  H93          -6.5500000000      2.3390000000      7.2490000000  
  H94          -5.3000000000      3.2360000000      5.4990000000  
  H95           4.9940000000    -10.4750000000      6.1760000000  
  H96           3.5770000000    -11.2580000000      7.8300000000  




B3LYP/6-31G** optimized geometry 
Final total energy = -2158.0514 hartrees 
Final geometry: 
                                   angstroms 
  atom               x                 y                 z 
  C1            0.1060000000      0.2010000000      0.0660000000  
  C2           -0.0470000000      0.2360000000      1.4700000000  
  C3            1.1380000000      0.2530000000      2.2290000000  
  C4            2.3770000000      0.0510000000      1.6350000000  
  C5            2.4990000000     -0.2090000000      0.2570000000  
  C6            1.3420000000     -0.0180000000     -0.5280000000  
  C7           -1.3470000000     -0.0190000000      2.1400000000  
  C8           -1.5430000000      0.2220000000      3.5180000000  
  C9           -2.5530000000     -0.4070000000      4.2320000000  
  C10          -3.4370000000     -1.3090000000      3.6040000000  
  C11          -3.3590000000     -1.3910000000      2.2000000000  
  C12          -2.3410000000     -0.7700000000      1.4860000000  
  C13          -4.2510000000     -2.3080000000      4.3020000000  
  C14          -4.1870000000     -2.6400000000      5.6120000000  
  C15          -4.5770000000     -3.9220000000      6.2090000000  
  C16          -4.1100000000     -4.2210000000      7.5040000000  
  C17          -4.1020000000     -5.5190000000      7.9980000000  
  C18          -4.5550000000     -6.5990000000      7.2180000000  
  C19          -5.1820000000     -6.2740000000      5.9950000000  
  C20          -5.2010000000     -4.9740000000      5.5060000000  
  C21          -4.1910000000     -8.0030000000      7.5370000000  
  C22          -4.8360000000     -9.1160000000      6.9650000000  
  C23          -4.2540000000    -10.3800000000      6.9900000000  
  C24          -3.0060000000    -10.6140000000      7.6010000000  
  C25          -2.4440000000     -9.5320000000      8.3080000000  
  C26          -3.0140000000     -8.2690000000      8.2690000000  
! 183 
  C27          -2.2550000000    -11.8350000000      7.2810000000  
  C28          -1.0010000000    -12.1320000000      7.6930000000  
  C29          -0.0210000000    -12.9650000000      6.9910000000  
  C30          -0.3150000000    -13.8400000000      5.9230000000  
  C31           0.6690000000    -14.2080000000      5.0140000000  
  C32           1.9900000000    -13.7180000000      5.1140000000  
  C33           2.3210000000    -13.0330000000      6.2970000000  
  C34           1.3400000000    -12.6750000000      7.2140000000  
  C35           2.8990000000    -13.6470000000      3.9420000000  
  C36           4.2870000000    -13.4110000000      4.0550000000  
  C37           5.0290000000    -12.9090000000      2.9910000000  
  C38           4.4190000000    -12.6240000000      1.7510000000  
  C39           3.0860000000    -13.0480000000      1.5890000000  
  C40           2.3430000000    -13.5340000000      2.6550000000  
  C41           4.9570000000    -11.7370000000      0.7170000000  
  C42           5.9760000000    -10.8560000000      0.8340000000  
  C43           6.1560000000     -9.6430000000      0.0290000000  
  C44           5.2710000000     -9.2530000000     -0.9970000000  
  C45           5.2520000000     -7.9530000000     -1.4770000000  
  C46           6.1250000000     -6.9630000000     -0.9790000000  
  C47           7.1090000000     -7.3910000000     -0.0700000000  
  C48           7.1190000000     -8.6920000000      0.4220000000  
  C49           5.8510000000     -5.5290000000     -1.2480000000  
  C50           6.1660000000     -4.5510000000     -0.2830000000  
  C51           5.6220000000     -3.2770000000     -0.3290000000  
  C52           4.7130000000     -2.9050000000     -1.3400000000  
  C53           4.5240000000     -3.8300000000     -2.3860000000  
  C54           5.0820000000     -5.1020000000     -2.3460000000  
  C55           3.7970000000     -1.7660000000     -1.2230000000  
  C56           3.7070000000     -0.9150000000     -0.1760000000  
  H57           4.8690000000     -5.7900000000     -3.1580000000  
! 184 
  H58           5.8310000000     -2.5960000000      0.4900000000  
  H59           6.7670000000     -4.8230000000      0.5780000000  
  H60           4.4790000000     -7.6760000000     -2.1860000000  
  H61           4.5230000000     -9.9480000000     -1.3660000000  
  H62           7.8510000000     -8.9660000000      1.1770000000  
  H63           7.8500000000     -6.6870000000      0.2970000000  
  H64           6.0790000000    -12.6740000000      3.1450000000  
  H65           4.7820000000    -13.5650000000      5.0090000000  
  H66           1.2840000000    -13.7170000000      2.5080000000  
  H67           2.5940000000    -12.8870000000      0.6330000000  
  H68           0.3920000000    -14.8320000000      4.1690000000  
  H69          -1.3360000000    -14.1720000000      5.7600000000  
  H70           1.6130000000    -12.0480000000      8.0590000000  
  H71           3.3290000000    -12.6590000000      6.4410000000  
  H72          -4.7470000000    -11.1980000000      6.4700000000  
  H73          -5.7790000000     -8.9850000000      6.4440000000  
  H74          -2.4750000000     -7.4490000000      8.7320000000  
  H75          -1.4900000000     -9.6490000000      8.8110000000  
  H76          -3.6850000000     -5.7000000000      8.9830000000  
  H77          -3.6760000000     -3.4250000000      8.1050000000  
  H78          -5.6250000000     -4.7940000000      4.5230000000  
  H79          -5.5710000000     -7.0690000000      5.3670000000  
  H80          -2.6150000000     -0.2430000000      5.3040000000  
  H81          -0.8550000000      0.8680000000      4.0530000000  
  H82          -2.2550000000     -0.9720000000      0.4240000000  
  H83          -4.0520000000     -2.0400000000      1.6710000000  
  H84          -0.7700000000      0.2860000000     -0.5700000000  
  H85           1.3980000000     -0.1140000000     -1.6090000000  
  H86           3.2560000000     -0.0340000000      2.2680000000  
  H87           1.0870000000      0.3050000000      3.3110000000  
  H88           3.8690000000     -3.5640000000     -3.2120000000  
! 185 
  H89          -0.5680000000    -11.5290000000      8.4880000000  
  H90          -2.6950000000    -12.4320000000      6.4830000000  
  H91          -3.6170000000     -1.9990000000      6.2810000000  
  H92          -4.8060000000     -2.9630000000      3.6330000000  
  H93           4.4990000000     -0.9280000000      0.5700000000  
  H94           2.9950000000     -1.7650000000     -1.9590000000  
  H95           6.6250000000    -10.9170000000      1.7060000000  
  H96           4.3100000000    -11.6520000000     -0.1540000000 
 
5 
B3LYP/LACVP optimized geometry 
Final total energy = -3883.0093 hartrees 
Final geometry:  
                                   angstroms 
  atom               x                 y                 z 
  C1            1.3508455771      5.7411654068     -3.6556021929  
  C2           -1.3508455771     -5.7411654068      3.6556021929  
  C3            6.9976377761     -2.7570905220     -0.8091795757  
  C4           -6.9976377761      2.7570905220      0.8091795757  
  C5            2.2613424801      5.8210868199     -2.5827305454  
  C6           -2.2613424801     -5.8210868199      2.5827305454  
  C7            7.2689424336     -3.9782907129     -1.4518885087  
  C8           -7.2689424336      3.9782907129      1.4518885087  
  C9            3.6274008220      5.6110287496     -2.7660051512  
  C10          -3.6274008220     -5.6110287496      2.7660051512  
  C11           7.3113523781     -5.1860046947     -0.7528190460  
  C12          -7.3113523781      5.1860046947      0.7528190460  
  C13           4.1696634547      5.3278133027     -4.0347802000  
  C14          -4.1696634547     -5.3278133027      4.0347802000  
  C15           7.0711901150     -5.2361012028      0.6314949363  
  C16          -7.0711901150      5.2361012028     -0.6314949363  
! 186 
  C17           3.2593342516      5.2306744355     -5.1027015514  
  C18          -3.2593342516     -5.2306744355      5.1027015514  
  C19           6.8080223604     -4.0117928224      1.2767642109  
  C20          -6.8080223604      4.0117928224     -1.2767642109  
  C21          -1.8912696664     -5.4299854006      4.9166525631  
  C22           1.8912696664      5.4299854006     -4.9166525631  
  C23           6.7841836934     -2.8050172259      0.5833272040  
  C24          -6.7841836934      2.8050172259     -0.5833272040  
  C25           7.0187337151     -9.3249521691      1.9960471314  
  C26          -7.0187337151      9.3249521691     -1.9960471314  
  C27           6.3735676477      7.5058778142     -4.7416243455  
  C28          -6.3735676477     -7.5058778142      4.7416243455  
  C29           7.3856412830     -8.7916461690      3.2126694121  
  C30          -7.3856412830      8.7916461690     -3.2126694121  
  C31           6.2371483795      6.9649067734     -6.0009939988  
  C32          -6.2371483795     -6.9649067734      6.0009939988  
  C33           5.0793169685     -6.7650662150      1.9097771051  
  C34          -5.0793169685      6.7650662150     -1.9097771051  
  C35           6.2297866688      3.4141184166     -3.3853697499  
  C36          -6.2297866688     -3.4141184166      3.3853697499  
  C37           8.7960732076     -8.7411019208      3.7817059193  
  C38          -8.7960732076      8.7411019208     -3.7817059193  
  C39           7.3609425070      6.7104281094     -6.9948952954  
  C40          -7.3609425070     -6.7104281094      6.9948952954  
  C41           4.5188631628     -6.6547973443      3.1989218586  
  C42          -4.5188631628      6.6547973443     -3.1989218586  
  C43           6.2701161914      2.1734890123     -4.0530574989  
  C44          -6.2701161914     -2.1734890123      4.0530574989  
  C45           9.5752519896     -7.4471640610      3.4367313115  
  C46          -9.5752519896      7.4471640610     -3.4367313115  
  C47           7.9933833958      5.2990584405     -6.8951093831  
! 187 
  C48          -7.9933833958     -5.2990584405      6.8951093831  
  C49           3.1473713457     -6.4862562375      3.3927074269  
  C50          -3.1473713457      6.4862562375     -3.3927074269  
  C51           6.4200213119      0.9695832701     -3.3646594331  
  C52          -6.4200213119     -0.9695832701      3.3646594331  
  C53           9.3957929156     -6.9395470412      2.0206622701  
  C54          -9.3957929156      6.9395470412     -2.0206622701  
  C55           8.2026439358      4.7781530466     -5.4876038386  
  C56          -8.2026439358     -4.7781530466      5.4876038386  
  C57           2.2534490260     -6.4298056621      2.3056234378  
  C58          -2.2534490260      6.4298056621     -2.3056234378  
  C59           6.5316361632      0.9406898989     -1.9607429999  
  C60          -6.5316361632     -0.9406898989      1.9607429999  
  C61           9.2460398464     -7.6899940901      0.8736450759  
  C62          -9.2460398464      7.6899940901     -0.8736450759  
  C63           8.5517608828      5.5015443156     -4.3679629671  
  C64          -8.5517608828     -5.5015443156      4.3679629671  
  C65           2.8147508588     -6.5578001487      1.0208959124  
  C66          -2.8147508588      6.5578001487     -1.0208959124  
  C67           6.4688492281      2.1779680904     -1.2944561948  
  C68          -6.4688492281     -2.1779680904      1.2944561948  
  C69           9.3032059545     -9.2078836766      0.7802097115  
  C70          -9.3032059545      9.2078836766     -0.7802097115  
  C71           8.8766826746      6.9875820277     -4.3275096357  
  C72          -8.8766826746     -6.9875820277      4.3275096357  
  C73           4.1863673975     -6.7038777556      0.8264876161  
  C74          -4.1863673975      6.7038777556     -0.8264876161  
  C75           6.3213535425      3.3803569812     -1.9842255909  
  C76          -6.3213535425     -3.3803569812      1.9842255909  
  C77           7.9290285785     -9.9072808510      0.9340207679  
  C78          -7.9290285785      9.9072808510     -0.9340207679  
! 188 
  C79           7.6571142846      7.8990230651     -4.0400050443  
  C80          -7.6571142846     -7.8990230651      4.0400050443  
  C81           0.8040661445     -6.2319697044      2.4248426042  
  C82          -0.8040661445      6.2319697044     -2.4248426042  
  C83           6.6805278351     -0.2808498815     -1.1649658073  
  C84          -6.6805278351      0.2808498815      1.1649658073  
  C85           0.0969395606     -5.9528989032      3.5401327115  
  C86          -0.0969395606      5.9528989032     -3.5401327115  
  C87           6.9091942672     -1.5332947535     -1.6107736116  
  C88          -6.9091942672      1.5332947535      1.6107736116  
  Pt89          7.0918743460     -7.0152550703      1.6357706899  
  Pt90         -7.0918743460      7.0152550703     -1.6357706899  
  Pt91          6.1805989538      5.1967163878     -4.3822150762  
  Pt92         -6.1805989538     -5.1967163878      4.3822150762  
  H93           9.3577319292     -9.6209509690      3.4557892114  
  H94           8.7309454318     -8.8173790317      4.8726941659  
  H95          10.6458567470     -7.5965439609      3.6447671051  
  H96           9.2470491065     -6.6473865748      4.1101537573  
  H97           7.3928105032     -9.8455709294     -0.0194475664  
  H98           8.0829056155    -10.9803152027      1.1251471526  
  H99          10.0108367681     -9.5970586388      1.5171178062  
  H100          9.7141935961     -9.4782049726     -0.1986385115  
  H101          5.9593082569     -9.5178646706      1.8429588373  
  H102          6.5799994307     -8.5756163265      3.9093822004  
  H103          9.5871521587     -5.8765429791      1.8907937866  
  H104          9.2987739120     -7.1493078476     -0.0680723065  
  H105          7.5068962022     -6.1003971249     -1.3092056911  
  H106          7.4369944016     -3.9802858605     -2.5279106097  
  H107          6.5603324401     -1.8930503239      1.1294654403  
  H108          6.5918445982     -4.0025227583      2.3419130463  
  H109          7.0292835545     -1.6902729592     -2.6821701753  
! 189 
  H110          6.5882874851     -0.1221273300     -0.0914575742  
  H111          6.4279385453      0.0401587413     -3.9275410265  
  H112          6.1704782436      2.1401642689     -5.1361316759  
  H113          6.2757114413      4.3045997415     -1.4126091681  
  H114          6.5382510179      2.1931060364     -0.2079853434  
  H115          8.9480887239      5.2859983396     -7.4429563907  
  H116          7.3420651348      4.5839856990     -7.4104104061  
  H117          8.1308987607      7.4795560613     -6.8868553367  
  H118          6.9599941618      6.8315468799     -8.0073157046  
  H119          9.3601129385      7.2845637459     -5.2624516778  
  H120          9.6201716141      7.1569834803     -3.5409382158  
  H121          7.4534040439      7.8878073621     -2.9634425746  
  H122          7.9112355172      8.9408871808     -4.2882701723  
  H123          8.8100970281      4.9298675496     -3.4798539475  
  H124          8.2510769588      3.6944679108     -5.4045477911  
  H125          5.4644795219      7.8525795676     -4.2551039672  
  H126          5.2253255073      6.8989623270     -6.3925630257  
  H127          4.2801135769      5.6668403697     -1.8986533800  
  H128          3.6160021642      4.9885080297     -6.1018019597  
  H129          1.2205917535      5.3434178268     -5.7702784455  
  H130          1.8987404214      6.0462544137     -1.5834343128  
  H131         -0.6342021273      5.8566417972     -4.4831802538  
  H132         -0.2697470090      6.3056973757     -1.4785055472  
  H133         -2.1571055761      6.5144460190     -0.1543106949  
  H134         -2.7700524321      6.3985907101     -4.4083992136  
  H135         -5.1617590032      6.6799051941     -4.0766921212  
  H136         -4.5666143697      6.7533010645      0.1900786070  
  H137         -8.7309454318      8.8173790317     -4.8726941659  
  H138         -9.3577319292      9.6209509690     -3.4557892114  
  H139         -9.2470491065      6.6473865748     -4.1101537573  
  H140        -10.6458567470      7.5965439609     -3.6447671051  
! 190 
  H141         -8.0829056155     10.9803152027     -1.1251471526  
  H142         -7.3928105032      9.8455709294      0.0194475664  
  H143         -9.7141935961      9.4782049726      0.1986385115  
  H144        -10.0108367681      9.5970586388     -1.5171178062  
  H145         -5.9593082569      9.5178646706     -1.8429588373  
  H146         -6.5799994307      8.5756163265     -3.9093822004  
  H147         -9.2987739120      7.1493078476      0.0680723065  
  H148         -9.5871521587      5.8765429791     -1.8907937866  
  H149         -6.5918445982      4.0025227583     -2.3419130463  
  H150         -6.5603324401      1.8930503239     -1.1294654403  
  H151         -7.4369944016      3.9802858605      2.5279106097  
  H152         -7.5068962022      6.1003971249      1.3092056911  
  H153         -7.0292835545      1.6902729592      2.6821701753  
  H154         -6.5882874851      0.1221273300      0.0914575742  
  H155         -6.5382510179     -2.1931060364      0.2079853434  
  H156         -6.2757114413     -4.3045997415      1.4126091681  
  H157         -6.1704782436     -2.1401642689      5.1361316759  
  H158         -6.4279385453     -0.0401587413      3.9275410265  
  H159         -7.9112355172     -8.9408871808      4.2882701723  
  H160         -7.4534040439     -7.8878073621      2.9634425746  
  H161         -9.6201716141     -7.1569834803      3.5409382158  
  H162         -9.3601129385     -7.2845637459      5.2624516778  
  H163         -8.8100970281     -4.9298675496      3.4798539475  
  H164         -8.2510769588     -3.6944679108      5.4045477911  
  H165         -7.3420651348     -4.5839856990      7.4104104061  
  H166         -8.9480887239     -5.2859983396      7.4429563907  
  H167         -6.9599941618     -6.8315468799      8.0073157046  
  H168         -8.1308987607     -7.4795560613      6.8868553367  
  H169         -5.2253255073     -6.8989623270      6.3925630257  
  H170         -5.4644795219     -7.8525795676      4.2551039672  
  H171         -4.2801135769     -5.6668403697      1.8986533800  
! 191 
  H172         -3.6160021642     -4.9885080297      6.1018019597  
  H173         -1.2205917535     -5.3434178268      5.7702784455  
  H174         -1.8987404214     -6.0462544137      1.5834343128  
  H175          0.6342021273     -5.8566417972      4.4831802538  
  H176          0.2697470090     -6.3056973757      1.4785055472  
  H177          2.7700524321     -6.3985907101      4.4083992136  
  H178          5.1617590032     -6.6799051941      4.0766921212  
  H179          4.5666143697     -6.7533010645     -0.1900786070  
  H180          2.1571055761     -6.5144460190      0.1543106949  
 
6-Pt3 
B3LYP/LACVP optimized geometry 
Final total energy =  -3451.7645 hartrees 
Final geometry: 
                                   angstroms 
  atom               x                 y                 z 
  C1            2.1860000000      5.6670000000     -4.0160000000  
  C2           -2.0550000000     -5.4630000000      3.9360000000  
  C3            6.5730000000     -2.2010000000     -1.2590000000  
  C4           -6.6110000000      1.8060000000      0.7560000000  
  C5            3.1000000000      5.8090000000     -2.9530000000  
  C6           -3.0260000000     -5.4640000000      2.9150000000  
  C7            6.2710000000     -3.4380000000     -1.8550000000  
  C8           -6.2580000000      3.0720000000      1.2650000000  
  C9            4.4710000000      5.8550000000     -3.1720000000  
  C10          -4.3870000000     -5.4570000000      3.2030000000  
  C11           6.1610000000     -4.6080000000     -1.1060000000  
  C12          -5.4490000000      3.9480000000      0.5530000000  
  C13           5.0150000000      5.7840000000     -4.4680000000  
  C14          -4.8690000000     -5.4700000000      4.5260000000  
  C15           6.3410000000     -4.6030000000      0.2860000000  
! 192 
  C16          -4.9310000000      3.5990000000     -0.7080000000  
  C17           4.1060000000      5.6740000000     -5.5330000000  
  C18          -3.9010000000     -5.4330000000      5.5450000000  
  C19           6.6380000000     -3.3650000000      0.8870000000  
  C20          -5.4080000000      2.4020000000     -1.2790000000  
  C21          -2.5360000000     -5.4270000000      5.2570000000  
  C22           2.7290000000      5.6070000000     -5.3110000000  
  C23           6.7560000000     -2.1970000000      0.1390000000  
  C24          -6.2310000000      1.5340000000     -0.5750000000  
  C25           6.0620000000     -8.6490000000      1.7630000000  
  C26           7.1410000000      8.1350000000     -4.9400000000  
  C27          -6.6060000000     -7.9910000000      5.3700000000  
  C28           6.5010000000     -8.1130000000      2.9500000000  
  C29           7.1050000000      7.6770000000     -6.2370000000  
  C30          -6.5600000000     -7.4060000000      6.6130000000  
  C31           4.2760000000     -5.9780000000      1.7070000000  
  C32          -3.7820000000      4.3230000000     -1.3020000000  
  C33           7.0640000000      3.9730000000     -3.8670000000  
  C34          -7.2260000000     -3.9790000000      3.9090000000  
  C35           7.9290000000     -8.1390000000      3.4700000000  
  C36           8.2960000000      7.5480000000     -7.1740000000  
  C37          -7.6980000000     -7.3490000000      7.6190000000  
  C38           3.8000000000     -5.8590000000      3.0280000000  
  C39          -3.4630000000      4.2850000000     -2.6750000000  
  C40           6.5350000000      2.8120000000     -4.4610000000  
  C41          -7.0990000000     -2.6900000000      4.4630000000  
  C42           8.7780000000     -6.9070000000      3.0690000000  
  C43           8.9870000000      6.1620000000     -7.1400000000  
  C44          -8.5870000000     -6.0860000000      7.5070000000  
  C45           2.4450000000     -5.7150000000      3.3140000000  
  C46          -2.2450000000      4.7600000000     -3.1520000000  
! 193 
  C47           6.5460000000      1.5830000000     -3.8060000000  
  C48          -7.2490000000     -1.5410000000      3.6900000000  
  C49           8.5850000000     -6.4190000000      1.6490000000  
  C50           9.1420000000      5.5480000000     -5.7660000000  
  C51          -8.9090000000     -5.6410000000      6.0960000000  
  C52           1.4790000000     -5.6870000000      2.2910000000  
  C53          -1.2800000000      5.3080000000     -2.2810000000  
  C54           7.0710000000      1.4560000000     -2.5050000000  
  C55          -7.5200000000     -1.6200000000      2.3080000000  
  C56           8.3460000000     -7.1790000000      0.5260000000  
  C57           9.3860000000      6.1990000000     -4.5790000000  
  C58          -9.1250000000     -6.4360000000      4.9940000000  
  C59           1.9580000000     -5.7800000000      0.9710000000  
  C60          -1.6450000000      5.4300000000     -0.9280000000  
  C61           7.6070000000      2.6150000000     -1.9170000000  
  C62          -7.7250000000     -2.9060000000      1.7760000000  
  C63           8.3020000000     -8.6970000000      0.4650000000  
  C64           9.6360000000      7.6890000000     -4.4040000000  
  C65          -9.1650000000     -7.9560000000      4.9790000000  
  C66           3.3160000000     -5.9100000000      0.6850000000  
  C67          -2.8530000000      4.9470000000     -0.4510000000  
  C68           7.6110000000      3.8390000000     -2.5800000000  
  C69          -7.5890000000     -4.0540000000      2.5540000000  
  C70           6.8940000000     -9.3030000000      0.6810000000  
  C71           8.3590000000      8.5220000000     -4.1290000000  
  C72          -7.8000000000     -8.6290000000      4.6930000000  
  C73           0.0340000000     -5.5860000000      2.5210000000  
  C74           0.0930000000      5.6610000000     -2.6390000000  
  C75           7.0540000000      0.2230000000     -1.7160000000  
  C76          -7.4080000000     -0.4940000000      1.3800000000  
  C77          -0.6090000000     -5.5150000000      3.7050000000  
! 194 
  C78           0.7450000000      5.4890000000     -3.8080000000  
  C79           6.6450000000     -1.0030000000     -2.0980000000  
  C80          -7.1440000000      0.7970000000      1.6730000000  
  Pt81          6.2570000000     -6.3410000000      1.3450000000  
  Pt82          7.0350000000      5.8070000000     -4.7600000000  
  Pt83         -6.8600000000     -5.6900000000      4.9580000000  
  H84           8.4220000000     -9.0600000000      3.1490000000  
  H85           7.8980000000     -8.1860000000      4.5640000000  
  H86           9.8430000000     -7.1240000000      3.2450000000  
  H87           8.5270000000     -6.0740000000      3.7340000000  
  H88           6.3280000000     -9.2240000000     -0.2540000000  
  H89           6.9870000000    -10.3810000000      0.8860000000  
  H90           9.0090000000     -9.1160000000      1.1850000000  
  H91           8.6600000000     -9.0140000000     -0.5210000000  
  H92           4.9870000000     -8.7730000000      1.6460000000  
  H93           5.7350000000     -7.8330000000      3.6680000000  
  H94           8.8330000000     -5.3720000000      1.4900000000  
  H95           8.3910000000     -6.6610000000     -0.4290000000  
  H96           5.9190000000     -5.5360000000     -1.6200000000  
  H97           6.1150000000     -3.4780000000     -2.9320000000  
  H98           6.9630000000     -1.2630000000      0.6550000000  
  H99           6.7590000000     -3.3060000000      1.9670000000  
  H100          6.3210000000     -1.1490000000     -3.1290000000  
  H101          7.4080000000      0.3490000000     -0.6940000000  
  H102          6.1070000000      0.7190000000     -4.3000000000  
  H103          6.0770000000      2.8740000000     -5.4450000000  
  H104          8.0210000000      4.7070000000     -2.0660000000  
  H105          8.0170000000      2.5510000000     -0.9100000000  
  H106          9.9710000000      6.2310000000     -7.6280000000  
  H107          8.4020000000      5.4600000000     -7.7440000000  
  H108          9.0200000000      8.3380000000     -6.9600000000  
! 195 
  H109          7.9520000000      7.7300000000     -8.1980000000  
  H110         10.1630000000      8.0810000000     -5.2780000000  
  H111         10.3190000000      7.8280000000     -3.5580000000  
  H112          8.0910000000      8.4180000000     -3.0720000000  
  H113          8.5790000000      9.5900000000     -4.2790000000  
  H114          9.6200000000      5.5720000000     -3.7220000000  
  H115          9.2320000000      4.4640000000     -5.7590000000  
  H116          6.1910000000      8.4130000000     -4.4880000000  
  H117          6.1230000000      7.6040000000     -6.6980000000  
  H118          5.1330000000      5.9070000000     -2.3120000000  
  H119          4.4710000000      5.6040000000     -6.5560000000  
  H120          2.0580000000      5.4910000000     -6.1610000000  
  H121          2.7390000000      5.8270000000     -1.9280000000  
  H122          0.1920000000      5.1320000000     -4.6770000000  
  H123          0.6680000000      6.0430000000     -1.7970000000  
  H124         -0.9320000000      5.8590000000     -0.2280000000  
  H125         -2.0260000000      4.6740000000     -4.2130000000  
  H126         -4.1710000000      3.8530000000     -3.3780000000  
  H127         -3.0430000000      4.9820000000      0.6160000000  
  H128         -5.0430000000      2.0960000000     -2.2560000000  
  H129         -6.4930000000      0.5840000000     -1.0300000000  
  H130         -6.5770000000      3.3410000000      2.2700000000  
  H131         -5.1720000000      4.8960000000      1.0070000000  
  H132         -7.1730000000      1.1110000000      2.7160000000  
  H133         -7.4070000000     -0.7910000000      0.3320000000  
  H134         -7.9490000000     -3.0060000000      0.7150000000  
  H135         -7.7170000000     -5.0240000000      2.0770000000  
  H136         -6.8220000000     -2.5800000000      5.5090000000  
  H137         -7.0780000000     -0.5720000000      4.1540000000  
  H138         -7.8530000000     -9.6940000000      4.9640000000  
  H139         -7.6120000000     -8.6040000000      3.6140000000  
! 196 
  H140         -9.8700000000     -8.2760000000      4.2040000000  
  H141         -9.5770000000     -8.3230000000      5.9230000000  
  H142         -9.5020000000     -5.9390000000      4.1030000000  
  H143         -9.1630000000     -4.5880000000      5.9990000000  
  H144         -8.0780000000     -5.2520000000      8.0020000000  
  H145         -9.5210000000     -6.2440000000      8.0680000000  
  H146         -7.2710000000     -7.3740000000      8.6270000000  
  H147         -8.3100000000     -8.2510000000      7.5350000000  
  H148         -5.5740000000     -7.1490000000      6.9900000000  
  H149         -5.6540000000     -8.1710000000      4.8760000000  
  H150         -5.0920000000     -5.4400000000      2.3760000000  
  H151         -4.2060000000     -5.4010000000      6.5890000000  
  H152         -1.8200000000     -5.4040000000      6.0780000000  
  H153         -2.7140000000     -5.4700000000      1.8740000000  
  H154         -0.0130000000     -5.5150000000      4.6180000000  
  H155         -0.5610000000     -5.5870000000      1.6080000000  
  H156          2.1370000000     -5.6270000000      4.3530000000  
  H157          4.5020000000     -5.8680000000      3.8600000000  
  H158          3.6300000000     -5.9550000000     -0.3550000000  
  H159          1.2430000000     -5.7470000000      0.1500000000  
    
7-Pt2 
B3LYP/LACVP optimized geometry 
Final total energy = -3020.5276 hartrees 
Final geometry:  
                                   angstroms 
  atom               x                 y                 z 
  C1            2.7417816369      5.5023445321     -4.0134382684  
  C2           -2.5340174076     -5.7426407709      4.0947095886  
  C3            6.1688307957     -1.2549625306     -0.7861846186  
  C4           -5.7094242611      1.3199281477      1.4397715181  
! 197 
  C5            3.6442139093      6.2138488276     -3.1983655266  
  C6           -3.4432680607     -6.2070173008      3.1226637656  
  C7            5.7141656380     -2.4626647428     -1.3506611120  
  C8           -5.1973965831      2.5053698455      2.0032609543  
  C9            4.9822338474      6.3604287731     -3.5530520057  
  C10          -4.7922670987     -6.3828601023      3.4139607483  
  C11           4.8148111300     -3.2886764349     -0.6897450945  
  C12          -4.3380836149      3.3425074933      1.3006696129  
  C13           5.4959923635      5.8200595945     -4.7482066042  
  C14          -5.3125676140     -6.1247867491      4.6973029564  
  C15           4.3062886562     -2.9535068319      0.5782661240  
  C16          -3.9241413139      3.0326594602     -0.0086290818  
  C17           4.5843579670      5.1648754980     -5.5932444194  
  C18          -4.3987762592     -5.7208019917      5.6848512667  
  C19           4.8475138510     -1.8057282093      1.1922918986  
  C20          -4.5174923371      1.9034785148     -0.6085600684  
  C21          -3.0457766464     -5.5348634105      5.3885728842  
  C22           3.2422564556      5.0146617572     -5.2348080499  
  C23           5.7567886139     -0.9823752224      0.5359461057  
  C24          -5.3881993639      1.0744070028      0.0878577889  
  C25           7.3261044882      8.2006977980     -5.8249164836  
  C26          -7.2155424342     -8.6145064721      5.2558559217  
  C27           7.2720293932      7.4842937632     -7.0017084372  
  C28          -7.1644804886     -8.1438434784      6.5512157472  
  C29           3.1547060596     -3.6899384202      1.1582576024  
  C30          -2.8080286785      3.7574791015     -0.6660959094  
  C31           7.7109148424      4.3164654351     -3.9905985423  
  C32          -7.4737542800     -4.4634238645      4.1671021910  
  C33           8.4244859050      7.2911976429     -7.9768769324  
  C34          -8.3261262277     -8.1119072685      7.5335958297  
  C35           2.9039577978     -3.7831091089      2.5424144390  
! 198 
  C36          -2.6470077669      3.8158745965     -2.0662080686  
  C37           7.7399400125      3.0039134210     -4.5043367233  
  C38          -7.2124982206     -3.2510923008      4.8370817152  
  C39           9.2755957475      6.0216514820     -7.7188167981  
  C40          -9.1391630453     -6.7925856928      7.5187736935  
  C41           1.7376986243     -4.3585359783      3.0405414033  
  C42          -1.5054710027      4.3524551606     -2.6544606281  
  C43           7.6930409630      1.8874671203     -3.6690381167  
  C44          -7.1243922365     -2.0389073672      4.1530379426  
  C45           9.5487722679      5.7068753512     -6.2619246645  
  C46          -9.3878104308     -6.1976686552      6.1475430385  
  C47           0.7510186304     -4.8745151521      2.1744150725  
  C48          -0.4531774894      4.8658707776     -1.8684366725  
  C49           7.6076335411      2.0303919545     -2.2691671347  
  C50          -7.2802242886     -1.9809595088      2.7526665538  
  C51           9.7738515541      6.6035807027     -5.2387808415  
  C52          -9.6243496107     -6.8762101375      4.9709883446  
  C53           1.0327398312     -4.8303678925      0.7952337878  
  C54          -0.6491544466      4.8711608911     -0.4736363145  
  C55           7.6921773886      3.3391057043     -1.7574593766  
  C56          -7.6400326774     -3.1765242842      2.1026952470  
  C57           9.8779664782      8.1151076400     -5.3866290696  
  C58          -9.7597076366     -8.3849550893      4.8200971467  
  C59           2.1920996711     -4.2523302881      0.3005121624  
  C60          -1.7841084744      4.3276021760      0.1115106107  
  C61           7.7369412874      4.4534672934     -2.5927006589  
  C62          -7.7355064464     -4.3861562184      2.7884967942  
  C63           8.5365622569      8.8704494952     -5.2074104187  
  C64          -8.4307440735     -9.1170390373      4.5035057891  
  C65          -0.5661133469     -5.3758646349      2.5763583568  
  C66           0.8454718188      5.3205613797     -2.3744325296  
! 199 
  C67           7.2563596994      0.9511739616     -1.3412778991  
  C68          -6.9253687745     -0.8288175828      1.9197987328  
  C69          -1.1388616214     -5.3893806131      3.7993753906  
  C70           1.3649799184      5.1812169251     -3.6135638022  
  C71           6.8793817048     -0.3080924792     -1.6507346395  
  C72          -6.3884060063      0.3491334380      2.3048648706  
  Pt73          7.4920567669      5.9624365542     -5.1902103471  
  Pt74         -7.3193948940     -6.2969984363      5.0670204790  
  H75           4.4794922435     -4.1976166121     -1.1797637119  
  H76           6.0418261167     -2.7302547721     -2.3529599894  
  H77           6.0894475829     -0.0752953938      1.0324690492  
  H78           4.4898921221     -1.5091648404      2.1741885332  
  H79           6.9704016767     -0.6377767592     -2.6851057567  
  H80           7.1613631214      1.2773457432     -0.3063788945  
  H81           7.6604231567      0.8975177140     -4.1176434762  
  H82           7.7406686596      2.8433631454     -5.5805386446  
  H83           7.7318620743      5.4421219287     -2.1404959982  
  H84           7.6528031869      3.4842117215     -0.6792075845  
  H85          10.2261645147      6.1004531624     -8.2678760786  
  H86           8.7547153703      5.1562873563     -8.1437273315  
  H87           9.0602994613      8.1810165845     -7.9729970394  
  H88           8.0127722421      7.2240973883     -8.9896791290  
  H89          10.3220085661      8.3583681398     -6.3556709942  
  H90          10.5811655381      8.4881284362     -4.6342745699  
  H91           8.3330950072      8.9795235399     -4.1363344521  
  H92           8.6371655335      9.8934661110     -5.6004865772  
  H93          10.1140254119      6.1894425352     -4.2927070479  
  H94           9.7595560940      4.6606763633     -6.0514971943  
  H95           6.3755509343      8.4674979655     -5.3688692890  
  H96           6.2822664393      7.2176507833     -7.3650332630  
  H97           5.6430818600      6.8856958735     -2.8673378198  
! 200 
  H98           4.9240517229      4.7312841466     -6.5311467933  
  H99           2.5726804084      4.4704437675     -5.8990656896  
  H100          3.3029553218      6.6431641317     -2.2603898863  
  H101          0.7608051109      4.7123732479     -4.3897120463  
  H102          1.4858687533      5.7434803326     -1.6015763317  
  H103          0.1376431761      5.2663990613      0.1649923004  
  H104         -1.4260720342      4.3614930125     -3.7383498426  
  H105         -3.4322663693      3.4290326502     -2.7093882967  
  H106         -1.8482024412      4.2894999767      1.1946960949  
  H107         -4.2257662618      1.6208935439     -1.6156899294  
  H108         -5.7527735513      0.1767100871     -0.4025649764  
  H109         -5.4517714508      2.7505145972      3.0322942016  
  H110         -3.9587853247      4.2349868029      1.7888021572  
  H111         -6.3288010736      0.5773317112      3.3686535518  
  H112         -7.0004083570     -1.0285531469      0.8515835179  
  H113         -7.7878241387     -3.1636858341      1.0239961810  
  H114         -7.9585752316     -5.2880912731      2.2225610974  
  H115         -7.0135734272     -3.2571608091      5.9061400331  
  H116         -6.8635317857     -1.1408026439      4.7076318449  
  H117         -8.5555228302    -10.1961266101      4.6784929672  
  H118         -8.2145779969     -9.0104508974      3.4345179422  
  H119        -10.4619522433     -8.5888587222      4.0045368370  
  H120        -10.2179082641     -8.8050696421      5.7194170877  
  H121         -9.9403469564     -6.2786838606      4.1190589164  
  H122         -9.5684720270     -5.1248141939      6.1409033377  
  H123         -8.5997496604     -6.0397214227      8.1040916514  
  H124        -10.0978507850     -6.9474498475      8.0365632132  
  H125         -7.9280537802     -8.2546748136      8.5439813722  
  H126         -8.9852055325     -8.9649205032      7.3507908261  
  H127         -6.1747451510     -7.9810866344      6.9703402221  
  H128         -6.2641872505     -8.8154115271      4.7677540797  
! 201 
  H129         -5.4576722643     -6.6955055388      2.6127968474  
  H130         -4.7430529736     -5.5105785131      6.6950270392  
  H131         -2.3736656625     -5.1864249611      6.1713068800  
  H132         -3.1018056237     -6.4047316291      2.1105133499  
  H133         -0.5640781088     -5.0426881263      4.6576720453  
  H134         -1.1693109850     -5.7096644998      1.7333207432  
  H135          1.5849065412     -4.3909494348      4.1160484236  
  H136          3.6370910756     -3.3943086593      3.2437341576  
  H137          2.3258886389     -4.1819421322     -0.7745102719  
  H138          0.2957682843     -5.2201609868      0.0966071295  
 
8-Pt2 
B3LYP/LACVP optimized geometry 
Final total energy = -3020.5291 hartrees 
Final geometry:  
                                   angstroms 
  atom               x                 y                 z 
  C1            2.7519003356      4.6526318176     -2.6216403128  
  C2           -2.4744461618     -4.2117704549      3.4077780111  
  C3            7.3079454051     -0.6405759167     -0.1500881626  
  C4           -6.7107218451      1.2251672456      1.7451742066  
  C5            3.9629334434      4.6166813903     -1.9047922227  
  C6           -3.0547792696     -5.2218147288      2.6155548409  
  C7            6.9962900655     -1.9961757405      0.0601077799  
  C8           -5.5594134494      0.6213491171      2.2850338464  
  C9            5.1843336092      4.8358587536     -2.5413472579  
  C10          -4.2956399624     -5.7675170830      2.9379630762  
  C11           5.7025982837     -2.4086896926      0.3500959096  
  C12          -4.2886438370      0.9621310908      1.8348435877  
  C13           5.2727233180      5.1050368101     -3.9261437435  
  C14          -5.0302953173     -5.3301299867      4.0590895330  
! 202 
  C15           4.6539413451     -1.4809133641      0.4760775040  
  C16          -4.0894584893      1.9096616471      0.8121013564  
  C17           4.0492986819      5.1955673627     -4.6188127053  
  C18          -4.4259083588     -4.3619739349      4.8795279823  
  C19           4.9648061883     -0.1238722346      0.2836794901  
  C20          -5.2428558536      2.4929313826      0.2546140340  
  C21          -3.1767440477     -3.8278867232      4.5657218452  
  C22           2.8256889255      4.9861322208     -3.9847860801  
  C23           6.2574462336      0.2880178681     -0.0307257960  
  C24          -6.5115551013      2.1711760281      0.7213381462  
  C25           6.6825246227      7.4228833342     -5.7647526301  
  C26          -6.4836664923     -8.3054247816      4.2700378515  
  C27           6.3118528221      6.6047539953     -6.8082850521  
  C28          -6.3639639716     -7.8674792351      5.5724471685  
  C29           3.2924452830     -1.9585586666      0.8179015542  
  C30          -2.7317227283      2.3058971978      0.3621537717  
  C31           7.7618799793      3.7803712063     -3.7203388081  
  C32          -7.4853964819     -4.0550029401      3.8696784649  
  C33           7.1383126795      6.2680777288     -8.0395036741  
  C34          -7.4003830455     -7.9575021308      6.6735481521  
  C35           2.4685902042     -1.3032941694      1.7538689163  
  C36          -2.4995441566      3.5746945596     -0.2042107420  
  C37           7.1772152575      2.5006359181     -3.6746246326  
  C38          -7.0791172522     -3.4437945392      2.6664725940  
  C39           8.0012088664      4.9935183523     -7.8854445217  
  C40          -8.8703301832     -7.7841403213      6.2162478852  
  C41           1.2360613666     -1.8347660148      2.1299340662  
  C42          -1.2402815451      3.9617623279     -0.6415869353  
  C43           7.6503659172      1.5096963841     -2.8174939559  
  C44          -7.4359861620     -2.1343257035      2.3526440199  
  C45           8.6985872925      4.8490923050     -6.5498610456  
! 203 
  C46          -9.0745360672     -6.6938572418      5.1748254216  
  C47           0.7637470802     -3.0437165974      1.5781229391  
  C48          -0.1304677217      3.1033624101     -0.5291074931  
  C49           8.7302934478      1.7526220641     -1.9503684844  
  C50          -8.2088029826     -1.3578799930      3.2346945469  
  C51           9.2137847551      5.8534957421     -5.7554919718  
  C52          -9.0478750809     -6.8573850739      3.8066503006  
  C53           1.5657910879     -3.6586653982      0.5983764218  
  C54          -0.3507475815      1.8500403217      0.0732572582  
  C55           9.3353638833      3.0191589977     -2.0139882137  
  C56          -8.6333540453     -1.9704741581      4.4263714198  
  C57           9.2498391743      7.3398485491     -6.0806271935  
  C58          -8.7412051701     -8.1252328550      3.0371216863  
  C59           2.8001171353     -3.1390241976      0.2361028389  
  C60          -1.6179363564      1.4558240847      0.4929742505  
  C61           8.8580263405      4.0131316411     -2.8690654395  
  C62          -8.2739363327     -3.2819619058      4.7416897758  
  C63           8.0125122716      8.1239242045     -5.5777424720  
  C64          -7.6734328297     -9.0473036702      3.6772128221  
  C65          -0.4878596389     -3.7060757224      1.9521266951  
  C66           1.2017473212      3.4637131571     -1.0306482492  
  C67          -8.6639066997      0.0093619777      2.9268565245  
  C68          -1.2236668176     -3.5245769197      3.0679552918  
  C69           1.4440070216      4.3215513093     -2.0440444517  
  C70           8.7202456686     -0.2793667714     -0.3728260278  
  C71          -8.0759976671      1.0273505327      2.2603234661  
  Pt72          7.0596774758      5.2572515136     -4.9373283482  
  Pt73         -6.9494970520     -5.9744993376      4.3368377222  
  H74           5.5042662302     -3.4627576370      0.5234997735  
  H75           7.7916841681     -2.7359270177      0.0009586827  
  H76           6.4592568382      1.3439675268     -0.1760681310  
! 204 
  H77           4.1770831090      0.6201538403      0.3629414661  
  H78           7.1764309798      0.5328055664     -2.8189881256  
  H79           6.3241266972      2.2765969600     -4.3084908853  
  H80           9.3399360331      4.9874914361     -2.8477149729  
  H81          10.1859358699      3.2325591160     -1.3688074246  
  H82           8.7432668287      4.9485506845     -8.6973028523  
  H83           7.3602388364      4.1141525377     -8.0143874524  
  H84           7.7640269663      7.1209409159     -8.3142429147  
  H85           6.4533924619      6.1172976484     -8.8811183232  
  H86           9.3822974771      7.4836212863     -7.1563419356  
  H87          10.1402652937      7.7728805108     -5.6118971234  
  H88           8.1287236392      8.3180647781     -4.5058200609  
  H89           7.9790683721      9.1111804229     -6.0623900312  
  H90           9.8406601067      5.5337697201     -4.9278183340  
  H91           8.9852471863      3.8306204811     -6.2968228831  
  H92           5.8915406001      7.7573854979     -5.0971395170  
  H93           5.2622466985      6.3359333607     -6.8658257851  
  H94           6.0909038232      4.7756164925     -1.9486827434  
  H95           4.0313644959      5.3963247998     -5.6857371534  
  H96           1.9074123252      5.0385958718     -4.5670975511  
  H97           3.9466203571      4.4135376805     -0.8363660446  
  H98           0.5893356255      4.7578917361     -2.5606725792  
  H99           2.0391221098      2.9301062054     -0.5824897307  
  H100          0.4812185712      1.1574570864      0.1825768917  
  H101         -1.1050285488      4.9606771285     -1.0473203275  
  H102         -3.3146106086      4.2881977325     -0.2720153380  
  H103         -1.7450763441      0.4587043838      0.9050267959  
  H104         -5.1494782649      3.2031380836     -0.5605709501  
  H105         -7.3778424720      2.6614428981      0.2822877458  
  H106         -5.6594560284     -0.0951515241      3.0930380634  
  H107         -3.4295694726      0.5073180061      2.3181336499  
! 205 
  H108         -9.2466604766     -1.4021787868      5.1237152413  
  H109         -8.6056439759     -3.6923777760      5.6928152359  
  H110         -6.4592496176     -3.9941937247      1.9653177375  
  H111         -7.1131181272     -1.7048489211      1.4090526389  
  H112         -8.1292630798     -9.6845211054      4.4399406843  
  H113         -7.3043749039     -9.7281434032      2.9025298920  
  H114         -8.3976730004     -7.8233505923      2.0415521090  
  H115         -9.6697108171     -8.6933306107      2.8764911304  
  H116         -9.4618719112     -6.0497554007      3.2071055007  
  H117         -9.4794624358     -5.7546136062      5.5412243901  
  H118         -9.4728649601     -7.5364738135      7.0970103985  
  H119         -9.2670927130     -8.7320122046      5.8425197444  
  H120         -7.1637258310     -7.1759704835      7.4042466091  
  H121         -7.2921064376     -8.9135071913      7.2081345458  
  H122         -5.3664975433     -7.5922883050      5.9074841073  
  H123         -5.5736871705     -8.3093242521      3.6750750866  
  H124         -4.7153490879     -6.5193909844      2.2729869232  
  H125         -4.9526654366     -3.9845351709      5.7516056824  
  H126         -2.7490718038     -3.0612584246      5.2099706381  
  H127         -2.5457042779     -5.5752630631      1.7235430165  
  H128         -0.8879390518     -2.7953178689      3.8046856891  
  H129         -0.8143470556     -4.4593368799      1.2371559111  
  H130          0.6345208545     -1.3077001401      2.8648204574  
  H131          2.8187766620     -0.3870789640      2.2224302028  
  H132          3.3914275686     -3.6459028282     -0.5214727616  
  H133          1.2131613442     -4.5743963126      0.1289280954  
  H134         -9.6694192222      0.2209789340      3.2933351020  
  H135         -8.7133009950      1.8974606691      2.0987788204  
  C136          9.2993577864      0.7304395785     -1.0558548699  
  H137         10.3826125378      0.8010036841     -0.9489262289  
  H138          9.4126304655     -0.9546761452      0.1310960798  
! 206 
 
III) TD-DFT calculations 
1-CTCT 
  Restricted Singlet Excited State   1:     2.8403 eV       436.52 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  191    -0.16190 
   187 =>  190     0.18274 
   188 =>  189     0.96605 
   
  Transition dipole moment (debye): 
     X=     0.0098     Y=     0.1461     Z=    -0.1425  Tot=     0.2043 
   
  Oscillator strength, f=     0.0004 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   2:     3.2182 eV       385.26 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   187 =>  189    -0.72095 
   188 =>  190     0.68883 
   
  Transition dipole moment (debye): 
     X=    -0.1162     Y=    -0.4217     Z=     0.2625  Tot=     0.5101 
   
  Oscillator strength, f=     0.0032 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   3:     3.3269 eV       372.67 nm 
! 207 
   
   excitation     X coeff. 
  ------------   --------- 
   187 =>  189     0.69020 
   188 =>  190     0.72204 
   
  Transition dipole moment (debye): 
     X=    10.2379     Y=     5.5929     Z=    -9.0027  Tot=    14.7358 
   
  Oscillator strength, f=     2.7396 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   4:     3.4178 eV       362.76 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  191     0.15104 
   187 =>  190    -0.95731 
   188 =>  189     0.21595 
   
  Transition dipole moment (debye): 
     X=     0.1937     Y=     0.2298     Z=    -0.1215  Tot=     0.3242 
   
  Oscillator strength, f=     0.0014 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   5:     3.4871 eV       355.55 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  189    -0.93223 
! 208 
   188 =>  191     0.34275 
   
  Transition dipole moment (debye): 
     X=     4.0878     Y=    -5.7778     Z=     0.3970  Tot=     7.0888 
   
  Oscillator strength, f=     0.6645 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   6:     3.5421 eV       350.03 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  189    -0.33862 
   188 =>  191    -0.92991 
   
  Transition dipole moment (debye): 
     X=    -1.2592     Y=     3.0727     Z=    -0.7642  Tot=     3.4075 
   
  Oscillator strength, f=     0.1560 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   7:     3.6556 eV       339.16 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  190     0.75679 
   187 =>  191     0.64193 
   
  Transition dipole moment (debye): 
     X=     0.0907     Y=     0.0653     Z=    -0.0913  Tot=     0.1443 
   
! 209 
  Oscillator strength, f=     0.0003 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   8:     3.8689 eV       320.47 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   184 =>  189    -0.10011 
   186 =>  190     0.63799 
   187 =>  191    -0.75048 
   
  Transition dipole moment (debye): 
     X=     0.1247     Y=    -0.0390     Z=     0.0121  Tot=     0.1312 
   
  Oscillator strength, f=     0.0003 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   9:     3.9563 eV       313.38 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   185 =>  189    -0.77586 
   188 =>  192     0.61470 
   
  Transition dipole moment (debye): 
     X=    -0.0200     Y=    -0.0135     Z=     0.0375  Tot=     0.0445 
   
  Oscillator strength, f=     0.0000 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  10:     4.0846 eV       303.54 nm 
! 210 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  191     0.95152 
   187 =>  190     0.19080 
   188 =>  189     0.13273 
   
  Transition dipole moment (debye): 
     X=    -0.1672     Y=     0.1130     Z=    -0.1874  Tot=     0.2754 
   
  Oscillator strength, f=     0.0012 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  11:     4.1290 eV       300.28 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   185 =>  189     0.59212 
   186 =>  191    -0.15709 
   188 =>  192     0.74631 
   
  Transition dipole moment (debye): 
     X=    -0.0397     Y=    -0.0362     Z=    -0.1542  Tot=     0.1633 
   
  Oscillator strength, f=     0.0004 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  12:     4.1668 eV       297.55 nm 
   
   excitation     X coeff. 
  ------------   --------- 
! 211 
   184 =>  191    -0.12701 
   185 =>  190     0.75230 
   187 =>  192    -0.60436 
   
  Transition dipole moment (debye): 
     X=     0.4607     Y=     0.6108     Z=    -0.3975  Tot=     0.8621 
   
  Oscillator strength, f=     0.0117 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  13:     4.1733 eV       297.09 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   184 =>  189     0.82246 
   188 =>  193     0.52525 
   
  Transition dipole moment (debye): 
     X=     0.0298     Y=     0.0246     Z=     0.0082  Tot=     0.0395 
   
  Oscillator strength, f=     0.0000 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  14:     4.2773 eV       289.87 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   177 =>  189    -0.18238 
   178 =>  190    -0.12704 
   179 =>  189     0.17597 
   179 =>  190     0.11708 
! 212 
   180 =>  190    -0.12601 
   182 =>  191     0.10620 
   183 =>  189    -0.23584 
   185 =>  190    -0.44066 
   186 =>  194    -0.15250 
   187 =>  192    -0.39279 
   187 =>  197     0.20834 
   187 =>  198     0.15869 
   188 =>  194    -0.45500 
   188 =>  195     0.16521 
   188 =>  196     0.21541 
   
  Transition dipole moment (debye): 
     X=    -0.9144     Y=    -1.0727     Z=     0.8660  Tot=     1.6543 
   
  Oscillator strength, f=     0.0444 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  15:     4.3002 eV       288.32 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   178 =>  189     0.11579 
   178 =>  190    -0.14599 
   179 =>  189    -0.15004 
   180 =>  189    -0.10124 
   182 =>  189    -0.36538 
   183 =>  189    -0.17310 
   183 =>  191     0.18239 
   185 =>  190     0.23566 
   186 =>  194    -0.21673 
! 213 
   186 =>  195     0.10093 
   187 =>  192     0.29251 
   187 =>  198    -0.18947 
   188 =>  194    -0.47642 
   188 =>  195    -0.33765 
   188 =>  196    -0.16517 
   188 =>  199     0.14685 
   
  Transition dipole moment (debye): 
     X=     0.7864     Y=     0.8412     Z=    -0.7680  Tot=     1.3842 
   
  Oscillator strength, f=     0.0312 
 
2-CCCC 
  Restricted Singlet Excited State   1:     2.8726 eV       431.61 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  191     0.17886 
   187 =>  190    -0.20258 
   188 =>  189    -0.96033 
   
  Transition dipole moment (debye): 
     X=     0.4966     Y=     0.8011     Z=     0.3765  Tot=     1.0150 
   
  Oscillator strength, f=     0.0112 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   2:     3.3594 eV       369.07 nm 
   
   excitation     X coeff. 
! 214 
  ------------   --------- 
   187 =>  189     0.98257 
   188 =>  190     0.15357 
   
  Transition dipole moment (debye): 
     X=    -2.2058     Y=     6.7296     Z=    -5.2988  Tot=     8.8448 
   
  Oscillator strength, f=     0.9966 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   3:     3.3939 eV       365.32 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   187 =>  189     0.14930 
   188 =>  190    -0.98171 
   
  Transition dipole moment (debye): 
     X=     1.6217     Y=    -4.8554     Z=     3.8698  Tot=     6.4172 
   
  Oscillator strength, f=     0.5300 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   4:     3.4228 eV       362.23 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  189    -0.99138 
   
  Transition dipole moment (debye): 
     X=    -4.2468     Y=    -5.0302     Z=    -4.5157  Tot=     7.9831 
! 215 
   
  Oscillator strength, f=     0.8272 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   5:     3.4528 eV       359.08 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   188 =>  191    -0.99068 
   
  Transition dipole moment (debye): 
     X=     3.6856     Y=     4.3812     Z=     3.9015  Tot=     6.9282 
   
  Oscillator strength, f=     0.6285 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   6:     3.6298 eV       341.57 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  191     0.41344 
   187 =>  190    -0.86567 
   188 =>  189     0.26353 
   
  Transition dipole moment (debye): 
     X=    -0.3316     Y=    -0.8068     Z=    -0.3852  Tot=     0.9535 
   
  Oscillator strength, f=     0.0125 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   7:     3.6534 eV       339.37 nm 
! 216 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  190     0.69280 
   187 =>  191     0.70700 
   
  Transition dipole moment (debye): 
     X=     0.1092     Y=     0.2048     Z=     0.0975  Tot=     0.2517 
   
  Oscillator strength, f=     0.0009 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   8:     3.8439 eV       322.55 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   186 =>  190     0.14667 
   186 =>  191    -0.86605 
   187 =>  190    -0.43211 
   187 =>  191    -0.14592 
   
  Transition dipole moment (debye): 
     X=    -0.0124     Y=     0.9090     Z=    -0.7149  Tot=     1.1565 
   
  Oscillator strength, f=     0.0195 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State   9:     3.8805 eV       319.50 nm 
   
   excitation     X coeff. 
  ------------   --------- 
! 217 
   184 =>  189     0.15188 
   185 =>  189    -0.10290 
   186 =>  190    -0.68204 
   186 =>  191    -0.17536 
   187 =>  190    -0.10529 
   187 =>  191     0.66577 
   
  Transition dipole moment (debye): 
     X=    -0.9055     Y=    -1.5476     Z=    -0.0330  Tot=     1.7934 
   
  Oscillator strength, f=     0.0473 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  10:     4.0253 eV       308.01 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   184 =>  189    -0.10934 
   185 =>  189     0.84404 
   188 =>  192    -0.47354 
   188 =>  193    -0.14094 
   
  Transition dipole moment (debye): 
     X=    -0.1475     Y=     0.0432     Z=     0.1591  Tot=     0.2213 
   
  Oscillator strength, f=     0.0007 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  11:     4.0904 eV       303.11 nm 
   
   excitation     X coeff. 
! 218 
  ------------   --------- 
   184 =>  189    -0.82262 
   185 =>  189    -0.16233 
   188 =>  193    -0.49938 
   
  Transition dipole moment (debye): 
     X=    -0.0248     Y=     0.1468     Z=     0.0765  Tot=     0.1674 
   
  Oscillator strength, f=     0.0004 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  12:     4.2012 eV       295.12 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   185 =>  189     0.46015 
   188 =>  192     0.83330 
   188 =>  193    -0.14989 
   
  Transition dipole moment (debye): 
     X=    -0.4385     Y=     0.3478     Z=     0.1817  Tot=     0.5885 
   
  Oscillator strength, f=     0.0055 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  13:     4.2360 eV       292.69 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   181 =>  191    -0.17149 
   182 =>  189     0.38367 
! 219 
   182 =>  190    -0.21287 
   183 =>  189     0.33600 
   183 =>  190     0.10899 
   186 =>  196     0.20579 
   187 =>  194     0.13901 
   187 =>  195     0.26177 
   188 =>  194    -0.64944 
   188 =>  196    -0.15250 
   
  Transition dipole moment (debye): 
     X=     0.0116     Y=     0.1527     Z=    -0.0639  Tot=     0.1659 
   
  Oscillator strength, f=     0.0004 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  14:     4.2676 eV       290.52 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   179 =>  191    -0.10797 
   180 =>  190    -0.13819 
   182 =>  189    -0.35249 
   183 =>  189     0.38827 
   183 =>  190     0.27583 
   186 =>  198     0.12153 
   187 =>  194    -0.30827 
   187 =>  195     0.14648 
   187 =>  197    -0.13513 
   188 =>  195     0.60040 
   
  Transition dipole moment (debye): 
! 220 
     X=    -0.0557     Y=    -0.0511     Z=     0.2039  Tot=     0.2174 
   
  Oscillator strength, f=     0.0008 
 ---------------------------------------------------------------------------- 
   
  Restricted Singlet Excited State  15:     4.3043 eV       288.05 nm 
   
   excitation     X coeff. 
  ------------   --------- 
   179 =>  190    -0.13611 
   180 =>  189     0.13841 
   180 =>  191     0.15447 
   181 =>  189    -0.51099 
   182 =>  191     0.15288 
   183 =>  191     0.16615 
   184 =>  190    -0.11453 
   186 =>  194     0.28813 
   186 =>  197    -0.12078 
   187 =>  195    -0.12450 
   187 =>  198    -0.15483 
   188 =>  194     0.10671 
   188 =>  196    -0.56707 
   188 =>  197     0.13707 
   
  Transition dipole moment (debye): 
     X=    -0.1760     Y=     0.0222     Z=     0.0006  Tot=     0.1774 
   
  Oscillator strength, f=     0.0005 
 
IV) Triplet state geometry optimization 
1-CTCT triplet 
! 221 
B3LYP/6-31G** optimized geometry 
Final total energy = -2158.0278 hartrees 
Final geometry:  
                                   angstroms 
  atom               x                 y                 z 
  C1           -0.5466246174     -0.0719105554      0.0365815744  
  C2           -0.5229379035     -0.0271599863      1.4403176666  
  C3            0.7231450161     -0.1601727156      2.0770237119  
  C4            1.8883189407     -0.3516431860      1.3472552966  
  C5            1.8675409869     -0.3926524411     -0.0563363720  
  C6            0.6282748639     -0.2279855369     -0.6963338680  
  C7           -1.7459698185      0.1554470561      2.2530062971  
  C8           -2.9257449733     -0.5726994873      2.0020379487  
  C9           -4.0302919709     -0.4646786509      2.8306119947  
  C10          -4.0251585777      0.4115348231      3.9522249058  
  C11          -2.8485862425      1.1826398879      4.1637361583  
  C12          -1.7420292084      1.0420467160      3.3498986243  
  C13          -5.1171889048      0.5214728340      4.8509082939  
  C14          -6.3213255201     -0.3144647215      4.8378513332  
  C15          -6.5454833357     -1.3944230750      5.7263975956  
  C16          -7.7526049538     -2.1469772299      5.6765852225  
  C17          -7.9778218397     -3.2065750365      6.5326123590  
  C18          -7.0265130800     -3.5921930574      7.5031273739  
  C19          -5.8308747346     -2.8417268846      7.5668001001  
  C20          -5.5919177263     -1.7829420220      6.7114995746  
  C21          -7.2653228439     -4.7489888891      8.3893113882  
  C22          -8.5651354659     -5.1533729970      8.7450004134  
  C23          -8.7811577918     -6.2739381799      9.5379790374  
  C24          -7.7139038728     -7.0599617141     10.0059849345  
  C25          -6.4117609088     -6.6280218511      9.6931224646  
  C26          -6.1961242569     -5.5079641412      8.9031834228  
! 222 
  C27          -7.9974638802     -8.2516941771     10.8267222222  
  C28          -7.3106853418     -9.4093938694     10.9182237212  
  C29          -6.1401034876     -9.8260247087     10.1212911972  
  C30          -5.0151398330    -10.3897477335     10.7449804538  
  C31          -3.8567196811    -10.6683097221     10.0248584104  
  C32          -3.7880550791    -10.4186235283      8.6449658319  
  C33          -4.9515588043     -9.9504285548      8.0074239196  
  C34          -6.1014141230     -9.6595155374      8.7269826672  
  C35          -2.5237610182    -10.4990487910      7.8783963704  
  C36          -2.5120561783    -10.8349710863      6.5155505052  
  C37          -1.3736443333    -10.6443769588      5.7450642058  
  C38          -0.1946767500    -10.1039475359      6.2925905302  
  C39          -0.1714473279     -9.8857925262      7.6833555727  
  C40          -1.3097369735    -10.0775990906      8.4536631304  
  C41           0.8364990566     -9.6400657099      5.3660433903  
  C42           1.8953620388     -8.8481239113      5.6393608804  
  C43           2.6395305919     -8.0674668420      4.6482761290  
  C44           2.4742833239     -8.2244331228      3.2574022854  
  C45           2.9294560802     -7.2609579517      2.3720548575  
  C46           3.5885660027     -6.1008143400      2.8225986247  
  C47           3.8803802223     -6.0134941641      4.1916549502  
  C48           3.4161779563     -6.9774670737      5.0824610446  
  C49           3.8083024255     -4.9591421931      1.9034572182  
  C50           4.9618331122     -4.1593998418      1.9147327494  
  C51           5.0659903975     -3.0412775045      1.0881367189  
  C52           4.0081306899     -2.6574412920      0.2471380572  
  C53           2.8668009018     -3.4743437017      0.2184066185  
  C54           2.7738783793     -4.6013699470      1.0211057644  
  C55           4.0914570269     -1.4633314946     -0.6212849380  
  C56           3.1283868569     -0.5431440580     -0.8198982121  
  H57          -2.9505957496     -1.2672555795      1.1666513977  
! 223 
  H58           5.7902459017     -4.4224176385      2.5669949099  
  H59          -4.9136023535     -1.0664649403      2.6393612407  
  H60          -2.9917676658    -11.0749137470     10.5412333982  
  H61           1.9435839386     -9.0869712491      2.8663829380  
  H62           5.9740677989     -2.4437164705      1.1103991948  
  H63          -2.8220865286      1.8797691933      4.9975226486  
  H64          -8.5020881609     -1.8869961205      4.9331031961  
  H65           1.8653615688     -5.1951864481      1.0009897011  
  H66           2.7515679483     -7.3889073231      1.3082799199  
  H67          -9.4188762752     -4.5708093796      8.4147221009  
  H68          -3.4144261035    -11.2181054791      6.0483169274  
  H69           3.5870031614     -6.8424692952      6.1477312334  
  H70           2.0433679413     -3.2117039522     -0.4372324277  
  H71           2.1280567222     -8.6121018889      6.6757499506  
  H72          -5.0879015444     -3.0848594264      8.3199739342  
  H73           2.8343470902     -0.4664568505      1.8652267253  
  H74          -1.4077402285    -10.8622339613      4.6804639005  
  H75          -5.1759083384     -5.2350705680      8.6525083233  
  H76          -9.7995052914     -6.5555718385      9.7948883559  
  H77          -4.9302859530     -9.7490918401      6.9409672234  
  H78          -0.8547173090      1.6377073016      3.5442183145  
  H79           0.6015791794     -9.8360624073      4.3223231043  
  H80           3.3024458233      0.2056330555     -1.5926927138  
  H81          -5.5594820605     -7.1846110389     10.0653399002  
  H82          -8.8961686557     -3.7767856124      6.4315468626  
  H83           0.7694035940     -0.1419164553      3.1618684166  
  H84          -1.2840777006     -9.8175810687      9.5077699739  
  H85          -5.0297965362      1.2764222606      5.6352277628  
  H86          -8.8894903197     -8.1667338415     11.4469748209  
  H87          -4.6631797797     -1.2271910927      6.7876779398  
  H88          -5.0360719363    -10.5711689869     11.8166453669  
! 224 
  H89           5.0175937500     -1.3505791718     -1.1846637005  
  H90           4.3992853985     -5.1390200046      4.5742035628  
  H91          -6.9697144997     -9.2603975683      8.2148001551  
  H92           0.7253179470     -9.4982330486      8.1576307096  
  H93          -7.1238099771     -0.0699919880      4.1391244845  
  H94          -7.6476564128    -10.1237365749     11.6689527141  
  H95           0.5833833594     -0.2337403101     -1.7826017768  
  H96          -1.4915953003      0.0498499050     -0.4858212765 
 
2-CCCC triplet 
B3LYP/6-31G** optimized geometry 
Final total energy = -2158.0339 hartrees 
Final geometry:  
                                   angstroms 
  atom               x                 y                 z 
  C1           12.8466952882    -10.1271143549      4.7922325558  
  C2           13.0325145825     -7.9007528204      5.7605224407  
  H3           13.0063544327     -7.2627955490      6.6405083981  
  C4           12.1286347029    -12.3693395071      3.8937109957  
  H5           11.8057244875    -11.8853677092      2.9770183203  
  C6            8.2519491849    -17.1092363370      0.0787546241  
  C7            9.1270483782    -17.0481475012      1.2619560439  
  C8            4.6760199887    -12.6463985829     -5.1782760068  
  H9            3.8862219229    -12.0490899881     -5.6198490277  
  C10          13.0397578886    -12.2626972434      6.1107193158  
  H11          13.4878323966    -11.7077841748      6.9291534591  
  C12          10.5475987977     -5.9642306631      1.0362746920  
  H13           9.5975239546     -6.4875107844      1.0775129684  
  C14           6.1139739970    -10.5850512120     -4.9853954680  
  C15          10.2650897768    -17.8739568832      1.3687994036  
  H16          10.5158128536    -18.5559410568      0.5636971491  
! 225 
  C17           5.1951110648     -8.3328547665     -5.1990990021  
  H18           4.3231300678     -7.6877146253     -5.2700478637  
  C19          13.3180503345     -8.1850034848      3.3922995444  
  H20          13.5465335443     -7.7820577210      2.4116116078  
  C21          11.7994199482    -16.8923832367      4.6657366977  
  H22          12.0862018778    -17.8921006319      4.9926896430  
  C23          11.1041079662    -17.8127459920      2.4710493620  
  H24          11.9716099709    -18.4661463580      2.5170414454  
  C25          13.5878493824     -5.8855441023      4.4122455573  
  H26          14.1250339870     -5.4929515127      5.2752691746  
  C27           7.5752327760     -8.6283134631     -5.1191305059  
  H28           8.5805820897     -8.2223621286     -5.1592940666  
  C29          10.8821405072    -16.8958176313      3.5138753679  
  C30           5.4459239868    -14.8448017102     -4.4160524465  
  C31           8.8850522716    -16.1603190446      2.3311423173  
  H32           7.9970187263    -15.5377996966      2.3238450695  
  C33          11.3224006600     -5.8893344101      2.1852335057  
  H34          10.9764219317     -6.3679683195      3.0952042674  
  C35          12.3752975328    -14.4229328603      5.1788931560  
  C36          10.0872534421     -5.4005253507     -1.3674925762  
  C37          13.1101687338     -9.5501492707      3.5361255376  
  H38          13.1963547270    -10.1884328742      2.6622020687  
  C39           8.3459055803     -5.4883361841     -3.6296797201  
  C40          13.2802108274     -7.3230633558      4.5031835602  
  C41           7.3935407878    -16.0421940229     -0.2757699490  
  H42           7.3520472021    -15.1581431734      0.3524028316  
  C43           8.3939168195     -6.5464639734     -2.7026831739  
  H44           7.7470294996     -7.4049188758     -2.8304381875  
  C45           8.2550327295    -18.2380211976     -0.7811373042  
  H46           8.8472296075    -19.1084282279     -0.5196681809  
  C47           7.5109073237    -18.2715022497     -1.9360920277  
! 226 
  H48           7.5473370707    -19.1503380104     -2.5749165568  
  C49           6.7168812899    -14.2417828243     -4.1493176360  
  H50           7.5211591539    -14.8583405521     -3.7647511622  
  C51          10.9409533749     -5.3347017961     -0.1589773479  
  C52           6.6871583812    -17.1702535676     -2.3328000989  
  C53           6.6293279083    -16.0657696297     -1.4239773072  
  H54           5.9872960731    -15.2246525496     -1.6585141869  
  C55           5.9137171044    -12.0376602935     -4.8444431781  
  C56          12.8062461749     -9.2650629467      5.9010187330  
  H57          12.5831007131     -9.6655508785      6.8852210227  
  C58          12.9022899396    -13.6396771355      6.2235549020  
  H59          13.2306132342    -14.1322772233      7.1354769437  
  C60           7.4092253071     -5.3946050803     -4.7572308242  
  H61           7.3194930430     -4.3786680971     -5.1407118691  
  C62           5.0177323422     -9.7026333335     -5.0774243443  
  H63           4.0062449138    -10.0890537914     -5.0274554885  
  C64           6.4763255021     -7.7538056752     -5.1959674421  
  C65          12.6594492340    -11.5896340284      4.9379016049  
  C66           6.6030125040     -6.2966390417     -5.3584624736  
  H67           5.9104892047     -5.8817546811     -6.0911015627  
  C68           4.4470452982    -13.9858179258     -4.9744630160  
  H69           3.4823788482    -14.4130006467     -5.2344316079  
  C70          12.3566794061    -15.8800283309      5.3655511009  
  H71          12.9595545225    -16.1963385511      6.2163214650  
  C72           6.0072815511    -17.2108108785     -3.5610765023  
  C73           7.3984286938    -10.0022972005     -5.0242481079  
  H74           8.2788210893    -10.6353049157     -5.0074601735  
  C75           5.1430411239    -16.1893644550     -4.1482144905  
  C76           9.1986267069     -4.3931495282     -3.3942756112  
  H77           9.1719373587     -3.5492671580     -4.0792871049  
  C78           6.9262762024    -12.8927559250     -4.3479602737  
! 227 
  H79           7.8936272193    -12.4787547902     -4.0823932417  
  C80          12.1478684834     -4.6157095854     -0.1433122880  
  H81          12.4984668765     -4.1331903554     -1.0506569478  
  C82           9.7405750163    -16.0800243396      3.4222197372  
  H83           9.5132566580    -15.3910060273      4.2297020949  
  C84          12.9152056178     -4.5245414668      1.0124122341  
  H85          13.8408423632     -3.9545322601      0.9948771365  
  C86          10.0482657665     -4.3483271134     -2.2969403719  
  H87          10.6571204338     -3.4640561885     -2.1357227424  
  C88           9.2455269884     -6.5021398695     -1.6076060287  
  H89           9.2621615345     -7.3459023596     -0.9246280515  
  C90          11.9930170699    -13.7466343940      4.0049924884  
  H91          11.5986318467    -14.3045318464      3.1654836262  
  C92          12.5307434880     -5.1713954584      2.1992763594  
  C93          13.3410855423     -5.0077130194      3.4187392876  
  H94          13.7793970623     -4.0166710621      3.5339836895  
  H95           6.0914329742    -18.1410540167     -4.1251797574  
  H96           4.1551817177    -16.5296994629     -4.4628722032 
 
